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This  report  of  the  Proceeding  of  the  Subject  Meeting 
has  been  assembled  to  provide  the  participants  and 
other  interested  parties  with  a compilation  of  abstracts 
of  the  talks  given.  Copies  of  visual  aids  used  have  been 
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INTRODUCTION 


1 


The  National  Photovoltaic  Conversion  Program 


Leonard  Magid 
Division  of  Solar  Energy 

Energy  Research  and  Development  Administration 
Washington^  D.  C«  20545 


I wish  to  welcome  all  of  you  to  this*  the  first  of  the  Semi-Annual 
National  Solar  Photovoltaic  Conversion  Program  Review  Meetings  held  under 
the  sponsorship  of  the  new  Energy  Research  and  Development  Administration 
(ERDA). 

As  most  of  you  must  know  by  now^  with  the  creation  of  ERDA  m January 
19t  1975»  the  lead  Agency  role  in  Solar  Energy*  as  well  as  the  major  parts  of 
each  of  the  solar  technologies  including  ^photovoltaic s*  was  transferred  from 
the  National  Science  Foundation  (NSF)  to  ERDA*  NSF  is  expected*  however* 
to  continue  to  play  a significant  role  in  the  National  Photovoltaic  Conversion 
Program*  primarily  in  areas  of  basic  research  and  applied  technology  in  what 
I trust  will  be  a closely  coordinated  effort  with  ERDA  within  the  overall  inter*- 
ests  of  the  National  Program*  Dr*  Tap  Mukherjee*  the  NSF  Photovoltaic 
Conversion  Program  Manager*  will  shortly  be  outlining  the  NSF  role  in  this 
effort. 


ERDA  STRUCTURE 


With  respect  to  the  ERDA  program*  Figure  1 shows  the  functional 
organization  under  the  leadership  of  Dr*  Robert  Seamans*  Jr**  the  ERDA 
Administrator*  The  Division  of  Solar  Energy  is  part  of  the  Office  of  tne 
Assistant  Administrator  for  Solar*  Geothermal  and  Advanced  Energy  Systems* 
headed  by  Dr*  John  M*  Teem*  as  shown  in  Figure  2* 

The  organization  of  the  Division  of  Solar  Energy  is  given  in  Figure  3* 

The  Photovoltaic  Branch  is  located  within  the  Office  of  the  Assistant  Director 
for  Solar  Electric  Applications  headed  by  Dr*  Dick  Blieden*  Dr*  Mort  Prince* 
one  of  the  original  developers  of  the  silicon  solar  cell  has  recently  been  named 
the  Chief  of  the  Photovoltaic s Branch* 


2 


Ill  o 


d 

•— I 


3 


ASSISTANT  ADMINISTRATOR 


O si  ^ o>  O 

o = -c 

2:  ^ Q£  a» 

2^2 

to  ^ oi  ^ 

tJLf 

> Q_  QC  Q>  .C 

Q C "o 

ra  <r 
O 


cjii 

CO 


^ ^ ^ o>  "G 

Z OS  O I—  i- 

O Qi  .5 

CO  »-  :2  o> 

O LU  c c 

> LU  ^33 

O S 

Q — V <C 


V. 

E o 


Q£  ^ 

5? 

O > 
to  O 
C 


LU 

0 

or 

>- 

E 

o> 

o> 

V. 

P 

*o 

o> 

0 

0 

or 

• 

CD 

CO 

0 

to 

LiJ 

2: 

s 

cr> 

LU 

c 

c 

> 

0 

' 

x: 

0 

t3 

c 

0£ 

^ Q 2 

O UJ  I 


QS 


>00: 

2-  o U-i 
O 31 


nr* 

0 

c: 

c -2 

tj 

a> 

<D  0 

• 

<u 

E 

s £ 

V- 

<u 

CL  -C 

1. 

a 

c 

0 0 
<u 

<u 

A 

*c 

o>  • — 
> 

0 

0 

<u 

Of 

CJ 

Research  •Bioconversion  • Advanced  Research  •High  Energy  Physics 

• Ocean  Thermal  & Technology 

• Photovol  talcs 


OBJECTIVES  OF  THE  PROGRAM 


The  geueral  objective  of  t>e  ERDA  Photovoltaic  Conversion  Program  is  to 
develop  low-cost  reliable  Solar  Photovoltaic  Conversion  Systems  *SPCS)  and 
to  stimulate  the  creation  of  a viable  industrial  and  commercial  capability  to 
produce  and  distribr^e  these  systems  for  widespread  use  in  residential  and 
commercial  applications.  A program  has  been  developed  to  achieve  the 
following  specific  objectives: 


e Conduct  research^  development  and  demonstrations  to 
show  a factor  of  ten  reduction  in  solar  array  prices  and 
to  establish  the  viability  of  this  technology  in  the  latter 
half  of  this  decade* 

• Conduct  a focused  research  and  development  effort  on 
advanced  technologies  for  photovoltaic  devices  that 
show  a potential  reduction  in  solar  array  prices  of  one 
hundred  or  greater. 

• Conduct  systems  and  applications  studies  to  identify 
suitable  demonstrations  of  cost-effective  photovoltaic 
energy  conversion  systems. 

• Conduct  experimental  system  tests  and  demonstrations 
of  photovoltaic  power  systems  for  a variety  of  residen- 
tial, commercial  and  industrial  applications* 

• Conduct  demonstrations  to  establisn  the  viability  of 
advanced  technologies  in  the  first  half  of  the  next 
decade. 


PROGRAM  STRUCTURE 


The  structure  of  the  ERDA  Photovoltaic  Conversion  Program  designed  to 
implement  the«<e  objectives  is  shown  in  Figures  4 and  5* 

The  principal  programmatic  emphasis  will  be  placed  initially  on  the  research, 
development,  and  demonstration  of  low-cost  reliable  silicon  arrays*  This  will 
be  guided  and  supported  by  systems  and  applications  studies  that  will  develop 
the  conceptual  design  and  analysis  of  a variety  of  system  applications  with 
emphasis  on  the  efficiencies,  reliabilities  and  lifetimes  required  for  viable 
photovoltaic  electric  power  systems*  Initial  assessments  of  the  markets  for 
photovoltaic  applications  will  also  be  developed* 
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DEMONSTRATIONS 


Fig.  5.  Photovoltaic  energy  conversion- structure 


The  research  and  development  element  of  the  program  is  aimed  at  improving 
overall  SPCS  performance  and  utility  through  a variety  of  studies  on:  new 
methods  of  single  crystal  and  thin^fil.^i:  growth;  development  of  alternate  low- 
cost  solar-cell  materials  and  techniques;  methods  for  improving  basic  cell 
efficiencies;  improved  cell  encapsulation  for  longer  lifetimes;  and  improved 
high-volume»  automated  material  and  cell  fabrication  techniques. 

The  power  conditioning  and  storage  element  of  the  program  will  identify  specific 
requirements  for  solar  cells  when  used  in  electric  power  systems*  particularly 
with  respect  to  the  need  for  storage  to  compensate  for  the  day-night  solar  cycle 
and  effects  that  transient  conditions  such  as  cloud  cover  and  bad  weather  imposed 
on  storage  systems.  In  addition,  this  area  must  also  analyze  the  constraints 
imposed  upon  the  system  design  by  utility-grid  interfacing  problems  including 
the  conversion  of  low  voltage  DC  output  to  AC. 

Studies  on  the  use  of  optical  concentrators  to  reduce  the  costs  of  photovoltaic 
power  systems  by  reducing  the  number  rr  size  of  solar  cells  required  to  pro- 
vide a specific  electrical  power  output  is  another  element  of  the  program. 

The  testing  and  evaluation  of  solar  cell  materials  and  devices,  the  collection 
and  dissemination  of  insolation  data  at  sites  throughout  the  country  «nd  the 
establishment  of  standards  for  solar  cell  performance,  reliability  and  lifetimes 
are  included  in  the  test  and  standards  element  of  the  program. 

Finally,  the  structure  and  content  of  the  SPCS  program  will  be  guided  by  con- 
tinuing mission  analysis  studies  aimed  at  evaluating  alternative  applications  for 
photovoltaic  systems  and  their  major  subsystems,  identifying  the  most  promis- 
ing ones  and  establishing  the  pertinent  cost  and  performance  goals.  System 
design  and  analysis  studies  will  be  conducted  concurrently  and  will  lead  to 
conceptual  designs  for  photovoltaic  systems  in  several  size  ranges  and  to  the 
identification  and  resolution  of  critical  subsystem  interface  problems.  A 
series  of  studies  to  determine  possible  economic,  environmental,  social,  or 
legal  impacts  (and  associated  constraints)  resulting  from  large-scale  deploy- 
ment of  photovoltaic  power  systems  will  also  be  undertaken. 
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PROGRAM  PLAN 


A program  plan  that  addresses  the  technical  and  institutional  problems  of  SPCS 
is  presented  in  the  ten-year  planning  milestones  shown  in  Figure  6*  This  plan 
consists  of  the  milestone  schedules  for  seven  major  programs  elements: 

Systems  and  Applications,  Low-Cost  Silicon  Arrays,  Concentrator  Systems, 

Test  and  Standards,  Research  and  Development,  Storage  and  Power  Condition- 
ing, and  Assessment  of  Goals. 

Primary  emphasis  is  expected  to  be  placed  through  the  mid  198C*s  on  tasks  to 
improve  technical  design  efficiency,  reliability,  lifetimes  and  energy  payback 
times  of  photovoltaic  solar  arrays  through  silicon  technology  development. 
Particular  stress  will  be  placed  on:  production  of  low  cost  silicon  materials; 
array  encapsulation  materials  and  techniques;  improved  cell  and  environment- 
ally-satisfactory  array  design;  and  high-volume,  cost-effective  automated 
array  assembly  techniques.  By  FY  83  it  is  expected  that  a pilot  plant  will  be 
established  with  the  capability  for  producing  in  excess  of  5 million  square 
meters  per  year  of  silicon  sheet  to  be  sold  at  less  than  $18  per  square  meter. 

By  FY  84,  it  may  be  possible  to  establish  an  industrial  facility  with  the  cap- 
ability for  producing  approximately  2000  metric  tons  per  year  of  silicon 
material  at  a market  price  of  less  than  $10  per  kilogram.  By  FY  85  a total 
plant  capacity  should  be  established  capable  of  producing  in  excess  of  500  MWe 
peak  per  year  of  encapsulated  solar  array  modules  at  a market  price  of  less 
than  $500  per  peak  KWe. 

In  F\  76  a series  of  Federally- sponsored  tests  and  demonstrations  of  a wide 
variety  of  applications  of  soWr  photovoltaic  conversion  systems  will  be  initiated. 
More  specifically: 


• Several  DOD  applications  of  solar  photovoltaic  conversion 
systems  will  begin  in  1976  to  establish  the  technical  feasi- 
bility of  their  use  at  remote  DOD  bases. 

• Initial  ERDA  residential  system  tests  will  begin  in  1978. 

• Large-scale  ERDA  demonstration  systems  totaling  up  to 
10  MWe  (peak)  will  begin  in  the  early  1980*s. 


Test  and  evaluation  of  energy  storage  and  power  processing  systems  will  be 
conducted  throughout  this  time  period.  A standards  laboratory  will  be  estab- 
lished to  perform  exposure  and  life  tests  on  arrays  and  materials,  and  estab- 
lish failure  mechanism  and  accelerated  endurance  tests.  Studies  will  be 
conducted  to  resolve  questions  of  ownership  and  liability  of  experimental 
system  demonstration  equipment,  and  modifications  of  labor  practices,  building 
codes  and  architectural  design  guides  needed  to  accommodate  photovoltaic 
systems#  Technology  transfer  will  be  accomplished  through  conferences, 
workshops,  press  releases,  manuals,  and  technical  and  trade  publications. 
Local  industry  and  small  business  participation  will  be  encouraged  in  this 
demonstration  phase# 
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PUNiMING  MILESIONES  FOR 
SOUR  PHOTOVOLTAIC  CONVERSION  PROGRAM 


During  the  FY  76  to  FY  79  period,  research  and  development  will  be  conducted 
to  determine  storage  and  power  conditioning  interface  requirements.  The 
performance,  reliability,  and  cost  of  current  storage  and  power  conditioning 
subsystems  will  be  evaluated  and  new  designs  will  be  specifically  engineered 
for  photovoltaic  applications.  Subsystem  and  interface  engineering  and  tests 
necessary  to  adapt  storage  and  power  conditioning  subsystems  to  solar  photo* 
voltaic  applications  will  be  completed  by  the  early  80*s,  as  will  studies  needed 
to  determine  environmental,  legal  and  safety  impacts  of  storage  and  power 
conditioning  subsystems  and  methods  of  removing  or  alleviating  these  impacts. 

Figure  7 indicates  the  planned  growth  in  the  rate  of  production  of  solar  photo- 
voltaic conversion  systems  in  terms  of  the  expected  peak  power  of  SPC  systems 
produced  annually.  This  includes  expected  ERDA  purchases  through  1983; 
the  expected  rate  of  the  free  market  without  Federal  government  purchases; 
the  total  expected  Federal  government  purchases,  including  SPC  systems  pur- 
chased by  other  agencies  of  the  Federal  government  for  cost-effective  applica- 
tions, and  the  total  annual  expected  production  rate  in  the  United  States  to  meet 
both  Federal  purchases  and  the  non-government  market  demands  for  solar 
photovoltaic  conversion  systems. 

Study  and  experimental  tasks  will  be  undertaken  between  FY  76  and  FY  84  to 
examine  technology  limitations  and  design  and  cost  tradeoffs  of  concentrator 
systems  in  the  areas  of  cell  and  array  efficiency,  concentrator  ratios,  methods 
of  concentration,  cooling  techniques  and  tracking  techniques.  Studies  and 
experimental  tasks  will  be  completed  by  FY  80  to  examine  processes  for  manu- 
facturing concentrator  systems  and  to  establish  requirements  for  incorporating 
these  techniques  into  array  assembly  processes.  This  effort  will  be  paralleled 
by  feasibility,  cost-effectiveness  and  marketability  studies  to  determine  whether 
to  manufacture  concentrator  systems.  To  accelerate  the  cost  reduction  of  con- 
centrator systems  and  provide  hardware  for  demonstrations  of  solar  photovoltaic 
power  systems  using  concentrators,  several  large  Federal  procurements  of 
low-cost  concentrator  systems  will  be  considered  during  the  course  of  this 
effort. 

By  1980,  advanced  cell  concepts  will  have  been  examined  emphasizing  studies 
of  design  limitations  and  cost  tradeoffs  for  thin  film  technology.  Studies  will 
also  be  conducted  to  examine  tradeoffs  with  respect  to  design,  conversion 
efficiency,  reliability,  lifetimes,  utilization  of  natural  resources,  energy 
payback  times  and  the  overall  economics  of  advanced  techniques  and  systems 
for  the  purpose  of  selecting  viable  new  candidate  devices 
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PHOTO<rOLTAlCS  PRODUCTION  GOALS 


FIG 


M^JOR  MILESTONES  AND  DECISION  POINTS 


Major  planning  milestones  of  the  SPCS  prograir  are: 


• FY  1976,  identify  the  most  promising  applications  of  SPCS  for 
military  ase»  and  initiate  DOD  tests  of  these  systems  to  establish 
their  technical  feasibility. 

• FY  1976,  specify  interim  measurement  techniques  for  tests  and 
standards  and  have  photovoltaic  test  facility  operational. 

• FY  1977,  ■ 'mplete  preliminary  photovoltaic  system  design  speci- 
fication and  define  solar  cell  performance  specifications. 

• FY  I97&,  initiate  residential  experimental  s/stems  demonstrations 
and  operate  $5000/peak  KWe  concentrator  systems. 

• FY  1979,  specify  post-1985  systems  and  subsystems,  demonstrate 
operational  solar  arrays  at  $5000/peak  KWe. 

• FY  1980,  demonstrate  operational  concentrators  at  $2000/peak 
KWe,  the  feasibility  of  manufacturing  and  m?.rketing  solar  arrays 
at  a price  of  $500/peak  KWe,  and  10%  efficiency  for  thin-film 
solar  cells. 

• By  1985,  proi.iote  the  establishment  of  total  ; stalled  industrial  * 
production  plant  capacity  of  500  MWe/yr  of  si -icon  solar  arrays 
at  a market  price  of  less  ihan  $500 /peak  KWe  and  demonstrate 
the  feasibility  of  thin-film  solar  arrays  priced  at  $100  to  $300 
per  peak  KWe. 
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UTILIZATION  PLAN 


The  Federal  role  in  tlie  plan  for  utilization  of  SPC  systems  will  be  to  undertaket 
coordinate  and  direct  RDStD  to  improve  performance-to-cost  ratios*  reduce 
techno- economic  risks  and  uncertainties*  verify  the  estimated  operational 
characteristics  of  solar  electric  systems*  and  establish  their  economic  viability. 
Early  large-scale  demonstrations  will  be  undertaken  to  enhance  public  and  user 
acceptance  and  accelerate  industrial  implementation  of  solar  photovoltaic 
systems.  A series  of  studies  will  be  conducted  to  determine  possible  environ- 
mental* legal*  societal*  >r  institutional  impacts*  as  well  as  means  for  removing 
these  types  of  constraints  on  public  and  user  acceptability.  Studies  will  be 
conducted  to  address  questions  of  ownership  of  conunercial  manufacturing 
facilities  and  operational  power  plants,  l^elated  programs  of  other  Federal 
agencies  include:  1)  studies  of  the  basic  characteristics  of  materials  and  novel 
devices  for  photovoltaic  energy  conversion  (NSF);  Z)  establishment  of  high 
efficiency  silicon  solar  arrays  for  space  applications  and  studies  of  satellite 
solar  power  systems  (NASA);  and  3)  studies  of  nrarket  conditions  and  the  use  of 
Federal  and  local  incentives  (such  as  tax  reduct^c  m.^uce  solar  cell  develop- 

ment and  use  (FEA). 

Various  types  of  information  and  data  on  SPC  systems  will  be  compiled  and 
entered  into  the  Solar  Energy  Information  Data  Bank*  including: 

• Repr»rts*  Journal  articles*  dissertations*  monographs*  project 
descriptions*  and  other  written  materials  pertaining  to  research* 
development  and  applications  of  solar  photovoltaic  conversion 
systems; 

• Technical  information  on  the  design*  construction*  and  maintenance 
of  solar  photovoltaic  conversion  systems; 

• General  information  on  solar  photovoltaic  conversion  system 
applications  disseminated  to  the  public; 

e Physical  and  chemical  properties  and  possible  environmental 

impacts  of  materials  required  for  solar  photovoltaic  conversion 
systems  activities  and  equipment;  and 

• Engineering  performance  data  on  equipment  and  devices  utilizing 
solar  photovoltaic  energy  conversion. 


The  data  will  also  be  supplied  by  ERDA  as  appropriate*  to  Federal*  State  and 
local  government  organizations*  and  their  cc^t *‘"‘ctors;  tiniversities,  colleges 
and  not-for-profit  organizations » and  the  priva  . sector,  including  the  public* 
u dustry,  commercial  organizations*  etc. 

Finally*  I wish  to  both  congratulate  ami  thank  B .b  F*  s staff  at  JPL* 

our  meeting  organizer*  for  putting  together  sucl  eeting. 


\b 


NSF/RANN  - SOLAR  PHOTOVOLTAiC  CONVERSlOW  PROGRAM 


16 
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NSF/RANN  - SOUR  PHOTOVOLTAIC  CONVERSION  PROGRAM 
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NATIONAL  SCIENCE  FOUNDATION 


SOLAR  PHOTOVOLTAIC  CONVERSION  PROGRAM 
Program  Manager  - Tapan  Mukherjee 


The  National  Science  Foundation  Photovoltaic  Conversion  Program 
focusses  on  advanced  and  innovative  technologies  necessary  to  meet  the  long- 
range  goals  of  the  Na*:ional  Solar  Energy  Program*  The  principal  objective  of 
NSF/RANN  program  is  to  provide  the  technology  base  for  low-cost  thin  f’lm 
solar  cells  that  will  meet  ERDA  milestone  of  achieving  l0-30i^/watt  array  cost. 
The  planning  philosophy  is  to  investigate  high  risk  and  potentially  high  pay-off 
concepts*  Research  will  be  carried  out  to  the  demonstration  stage  and  then 
the  projects  will  be  transferred  to  ERDA  to  be  included  in  the  national  plan  of 
demonstration  and  implementation*  The  dynamics  of  this  planning  philosophy 
provides  continuous  opportunity  for  incorporation  of  novel  ideas  and  new  thrusts 
as  resources  become  available  after  ERDA  transfer*  The  Program  Unit  Con- 
cept was  developed  from  the  common  characteristics  of  the  projects  retained 
by  the  National  Science  Foundation  after  the  transfer  of  major  components  to 
ERDA.  In  general,  these  projects  seek  spi.  cific  alternatives  to  silicon  single 
crystal  solar  cell  arrays  and  are  oriented  to  the  study  of  materials  and  proto- 
type devices* 
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FEA  PLANS  FOR  FEDERAL  INCENTIVES 
AND  MARKET  EVALUATION 

(Norman  Lutkefeder) 
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FBBWL  lA^  COI/ERIMG  SOUR  BERSy 

• FEURAL  ENERGY  ADHINISIRATIOH  ACT  (PL  9&-2T5)  IW  7,  m 

• JOBIMS  m aiMlY  DEVELOPtEHT  ACT  (PL  9J-383)  AUGUST  22,  m 

• SOUiR  HEATING  AN)  COOLING  DeDNSIRATIO:!  ACT’  (PL  &A09)  SEPIBffiR  3, 1974 
I ENERGY  REORGANIZATION  ACT  (PL  93-438)  OCIOGER 11, 1974 

I SOUR  ENEIM  R,Dffl  ACT  (PL  93-473)  OCTOBER  26,  1974 

• FEDLRAL  NOIMJClfAR  EIERGY  RSD  ACT  (PL  "^W)  KCBfBER  31 1974 
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FEDERAL  B^IERGY  ADMINISTRATION 
- SOUR  ENERGY  - 


ROLE 


e GONOUGT  BROAD-BASED  ANALYl  ES  REGARDING  DIRECTION  AND 
SGOPE  OF  SOUR  RELATED  ENDEAVORS  FROM  AN  OVERALL  ENERGY 
DEVELOPMENT/CONSERVATION  V : EWPO IN T 


• DEVELOP,  IMPLEMENT  AND  COOPDINATE  PROGRAMS  AND  POLICIES 
10  FACILITATE  THE  WIDESPREAD  APPLICATION  AND  ACCELERATED 
UTILIZATION  OF  PROVEN  SOLAR  TECHNOLOGIES 
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FEDERAL  Et^ERGY  ADMINISTRATION 
- SOLAR  ENERGY  - 


COMMERCIALIZATION  EFFORT  IS 


• CONCURRENT,  NOT  JUST  SEQUENTIAL  TO  RESEARCH,  DEVaOPMENT 
& DEMONSTRATION 


t PREDICATED  ON  TWO  MAJOR  ASSUMPTIONS 
I.  A REASONABLY  SUCCESSFUL  R,  DAD  PROGRAM 


2.  WITHOUT  AGGRESSIVE  FEDEK'AL  PROGRAM  TO  COMMERCIALIZE 
SOLAR  ENERGY  TECHNOLOGIES,  THE  SIGNIFICANT  PIB 
PROJECTIONS  FOR  ENERGY  SAVINGS  Wia  NOT  BE  REALIZED 
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FEDEIWL  E«  W W;!i«STRATION 
-SIUWBERGY- 


PRlGRffl  ffCAS 

e IDEHTIFY  m>,  ATOPRIATE,  ft  JIWE  ECGfaUC.  INSmUTlONAL  Affl  t£GAL 
DARRiaS  TD  WIDESPREAD  CCNtRCIAL  .miCATlON 

e SririiLATE  PlARICr  DB'A'B 

9 ieiBSP  imUSTRY  CARHBILITY 
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FEDERAL  ENERGY  ADMINISTRA1I0N 
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ACCFLERATE  USE  OF  SOLAR  HEATING  AND  COOLING  SYSTEMS  IN  GOVERNMENT 
BUILOINGS--WITHERDA,  DOD,  GSA&OTHERS 


U.S.  sum  PROPOSED  BILLS  - 1975 
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S 1379  FM^IN  FINANCE  APR.  8 TAX  INCENTIVES 


U.S.  HOUSE  OF  RETi^B^TATIVES 
PROPOSED  BILLS  - 1975 
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MISSION  ANALYSIS  OF  PHOTOVOLTAIC  SOLAR  ENERGY  SYSTEMS 
Stanley  L.  Leonard,  The  Aerospace  Corporation 

The  overall  objectives  of  The  Aerospace  Corporation's  photovoltaic 
mission  analysis  program  have  been  a)  to  develop  procedures  for  the  technical 
?nd  economic  evaluation  of  terrestrial  applications  (missions)  for  the  photovol- 
taic conversion  of  solar  energy  and  b)  to  use  these  procedures  to  identify  the 
missions  most  likely  to  find  a significant  place  in  the  U.  S.  energy  marketplace 
in  the  1980-2000  period.  The  greatest  emphasis  in  the  study  is  being  placed  on 
two  main  classes  of  missions:  on-site  applications,  in  which  the  photovoltaic 
system  serves  the  electric  power  demand  of  a load-point  that  is  co-located  with 
the  system,  and  central  station  power  plant  applications.  Fuel  production  ap- 
plications and  a variety  of  special-purpose  missions  are  also  being  studied,  albeit 
at  a considerably  lower  level  of  effort. 

Much  of  the  effort  during  the  early  part  of  the  reporting  period  was  devoted 
to  the  development  of  the  computer  software  needed  in  the  methodology  for  evalu- 
ating on-site  missions.  The  procedure  employs  computer  simulation  to  deter- 
mine performance  characteristics.  These  results  are  then  used,  along  with  a 
model  for  the  operation  of  a complete  utility  system,  to  determine  the  amount 
of  back-up  energy  that  the  utility  grid  must  provide  and  the  amoiint  of  additional 
generation  capacity  that  is  needed  in  order  to  maintain  reliable  service.  The 
economic  evalxiation  of  the  mission  then  requires  the  comparison  of  the  total 
cost  of  the  energy  provided  to  the  on-site  load-points  in  two  different  situations, 
one  in  which  photovoltaic  systems  satisfy  most  of  the  demand  and  one  in  which 
the  entire  load  is  served  directly  by  the  utility  grid.  This  procedure  treats  the 
economics  of  the  mission  essentially  from  the  utility  point  of  view.  The  costs 
associated  with  the  distribution  of  back-up  power  are  thereby  included  implicitly. 

The  evaluation  methodology  for  on-site  missions  have  been  used  in  anal- 
yzing a representative  base-line  mission/ system  concept  in  some  detail  and  in 
assessing  the  sensitivity  of  the  result  to  variations  in  mission  or  system  char- 
acteristics. The  baseline  concept  is  a residential  photovoltaic  system  located 
in  Phoenix.  The  analysis  presximes  the  existence  of  a substantial  number  of 
such  systems  within  the  service  area  of  in  electric  utility  system;  the  demand 
served  by  photovoltaic  systems  amounts  to  about  0.6%  of  the  total  system  de- 
mand. It  was  found  that  the  use  of  such  residential  on-site  systems  can  be  ex- 
pected to  become  economically  competitive  in  1990  if  photovoltaic  array  costs 
can  be  reduced  to  about  $100  per  peak  kW. 
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The  sensitivity  analyses  have  included  studies  of  the  effect  on  perfor- 
mance of  variations  in  array  size,  in  storage  capacity,  in  geographical  loca- 
tion (seven  different  sites),  and  in  types  of  demand  (residential,  commercial, 
or  industrial).  Both  flat-plate  and  Winston  collectors  have  been  investigated 
and  a comparison  has  been  made  between  performance  of  collectors  with  fixed 
orientation  and  collectors  whose  tilt  is  adjusted  monthly.  In  addition,  a brief 
study  was  made  of  the  sensitivity  of  the  economic  evaluation  to  variations  in 
photovoltaic  conversion  efficiency,  in  the  costs  of  essential  subsystems,  and 
in  the  cost  of  fuel  for  competing  power  sources. 

A second  major  effort,  begxin  late  in  the  reporting  period,  has  been  de- 
voted to  implementing  procedures  for  evaluating  central  station  power  plant 
applications.  This  task  consists  largely  in  adapting  procedures  that  were  de- 
veloped in  an  earlier  Aerospace  Corporation  analysis  of  missions  for  solar- 
thermal  energy  conversion.  At  the  close  of  the  reporting  period,  this  adapt- 
ation process  is  essentially  complete  and  preliminary  runs  are  being  made. 

An  improved  model  for  dispatching  the  output  of  a solar  energy  plant  is  also 
being  developed;  it  will  be  incorporated  into  the  methodology  when  complete. 

A start  has  also  been  made  on  the  development  of  evaluation  procedures 
for  fuel  production  (e.g.  , electrolytic  hydrogen)  missions.  Central  to  this 
evaluation  will  be  the  cost  of  competitive  fuel  (or  of  hydrogen  produced  in  other 
ways),  and  a study  of  the  projected  (1980-2000)  costs  of  such  fuels  is  \mder 
way. 

During  the  remainder  of  the  grant  period  (two  months),  representative 
central  station  power  plant  missions  will  be  evaluated.  The  improved  dispatch 
routine  will  be  incorporated  into  the  methodology,  as  will  procedures  for  evalu- 
ating the  combined  effect  of  the  use  of  three  solar  plants,  each  located  at  a 
different  site.  The  study  of  projected  fuel  costs  will  be  completed  and  used  in  an 
assessment  of  the  competitive  position  of  electrolytic  hydrogen  produced  with 
power  from  photovoltaic  arrays. 

A proposal  for  a follow-on  study  has  been  submitted  to  ERDA.  It  calls 
for  an  extension  in  both  breadth  and  depth  of  the  mission  analysis  effort  and  for 
the  provision  of  direct  program  support  to  the  ERDA  photovoltaic  conversion 
program  office.  The  proposed  funding  for  the  Mission  Analysis  portion  of  the 
study  is  approximately  $400K,  while  that  for  the  Program  Support  segment  is 
$62K,  for  a total  of  $462K. 
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The  Aerospace  Corporation 

Mission  Analysis  of 
Photovoltaic  Solar  Enei^  Systems 

CONTRACTING  AGENCY: 

NATIONAL  SCIENCE  FOUNDATION 
RESEARCH  APPLIED  TO  NATIONAL  NEEDS 

GRANT  NUMBER:  GI-44099 

PERIOD  OF  GRANT:  15  MONTHS  [l  June  1974-31  August  1975] 

AMOUNT  OF  GRANT:  $233,900 

PRINCIPAL  INVESTIGATOR:  DR.  A.  B.  GREENBERG 
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STUDY  OBJECTIVES  AND  SCOPE 
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OF  THE  PREFERRED  PHOTOVOLTAIC  CONVERSION  MISSION(S) 


Planned  Activity:  1 lanuary-30  June,  1975 
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• DEMANDS  ON  NATURAL  RESOURCES 

• INSTITUTIONAL  CONSTRAINTS 
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Required  Additional  Conventional  GeneiBlion 
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• BACKUP  CAPACITY  (coal  p!  4/kWI  _2J 9Z.0 

TOTAL  102.3 +6X  10rD.0t6X 
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POWER  CONDITIONING  20.18  190.38  5.18  48.87  23.07  217.64  8.07  76.13 

$100'kW  I 
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Phoenix  Residentiol  System 

WINSTON  COUjCCTOR  X >4 
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Performance  - Rat  Plate  CoHector 

HXED  TILT  vs  ADJUSTABLE  TILT 
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FIXED  TILT  ANGLE  - deg 


PHOENIX  RESIDENTIAL  DEMAND  LOS  ANGELES  RESIDENTIAL  DEMAND 
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Energy  Displacement-On-Site  Systems  in  Phoenix 
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Planned  Activities 

1 JUL  TO  31  AUG  1975 
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REVIEW  EXISTING  STUDIES 


Planned  Renewal  Request 
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PROVIDE  PLANNING  ASSISTANCE 


STATUS  OF  THE  PHOTOVOLTAIC 
CONCEPTUAL  DESIGN  AND  SYSTEMS  ANALYSIS  RFP 

Leonard  M.  Magid 
Division  of  Solar  Energy 
Energy  Research  and  Development  Administration 
Washington,  D.  C.  20545 

The  National  Photovoltaic  Conversion  Program  has  recently 
awarded  three  contracts  totaling  slightly  more  than  $l,4f1  for 
trie  first  Conceptual  Design  and  Systems  Analysis  (Phase  Zero) 
studies  of  solar  photovoltaic  conversion  systems. 

The  systems  to  be  analyzed,  as  shown  in  Figure  1,  include: 

1.  An  on-site  residential  system  in  the  1 to  10  peak 
kW  demand  range. 

2.  A central  station  power  plant  in  the  50  to  1,000 
MW  demand  range. 

3.  An  intermediate  range  application  in  the  100  kW 
to  iO  MW  level. 

The  a-.var  is.  eo'h  'or  a 12  month  effort  starting  in  June  1975, 
are  to: 


General  Electric  Corp. 

- $472K 

Spectrolab,  Inc. 

- $41 3K 

Westinghou«e  Electric  Corporation 

- S528K 

In  addition  to  the  technical  evaluations,  each  study  will 
also  provide  an  assessment  of  the  financial,  environmental,  legal, 
institutional  and  related  issues  associated  with  the  actual  imple- 
mentation of  photovoltaic  conversion  systems.  To  accomplish  these 
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objectives,  the  project  have  formed  teams  that  include  engineers, 
architects,  economists,  lawyers  and  representatives  from  utilities 
and  university  research  centers,  as  indicated  in  Figure  2. 
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CONCEPTUAL  DESIGN  AND  SYSTEMS  ANALYSIS 
OF  PHOTOVOLTAIC  POWER  SYSTEMS 


SYSTEMS  TO  BE  ANALYZED 

1.  ON-SITE  RESIDENTIAL 

1-10  kWe  PEAR  DEMAND 

30  - 100  kWh  DAILY  DBIAND 

2.  CENTRAL  STATION  POWER  PLANT 

50  - ICOO  MWe  DEMAND 

3.  INTERMEDIATE  RANGE  SYSTEM 

100  KWe  - 10  me  DEM/ND 


FIG.  1 
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CONCEPTUAL  DESIGN  AND  SYSTEMS  ANALYSIS 
OF  PHOTOVOLTAIC  POWER  SYSTEMS 

I.  GENERAL  ELECTRIC  CORP.  - $47 2K 
WITH:  SHELOAHL  CORP. 

PENNSYLVANIA  POWER  AND  LIGHT  CO. 

II.  SPECTROLAB.  INC.  - S413K 

WITH:  BECHTEL  CORP. 

FACILITIES  SYSTimS  ENGIN.  CORP. 
MIDWEST  RESEARCH  INSTITUTE 
ARIZONA  STATE  UNIVERSITY 

III.  WESTINGHOUSE  ELECTRIC  CORP.  - $528K 

WITH:  BURT,  HILL  AND  ASSOCIATES 

CHARLES  RIVER  ASSOCIATES 
FORD,  BACON  AND  DAVIS 
PHILADELPHIA  ELECTRIC  CO. 

TRW 

UNIVERSITY  OF  PENNSYLVANIA 
FIG.  2 , 
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N76  12474 

LOW-COST  SILICON  SOLAR  ARRAY  PROJECT 

John  V.  Gold  th 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 


ABSTRACT 


The  responsibility  to  conduct  ERDA*s  Low-cost  Silicon  Solar  Array 
Project,  which  is  a part  of  the  overall  Solar  Photovoltaics  Program,  has 
been  delegated  to  the  California  Institute  of  Technology’s  Jet  Propulsion 
Laboratory  (JPL) . An  Industry  Briefing  formally  announcing  this  Project 
was  conducted  February  5,  1975*  The  objectives  of  the  Project  include  a 
1985  goal  to  reduce  silicon  solar  array  prices  to  less  than  $500/KW.  These 
low-cost  arrays  further  shall  have  lifetimes  greater  than  20  years,  con- 
version efficiencies  greater  than  10^  and  a national  rate  of  units  manu- 
factured greater  than  50CMW  per  year,  A Project  team,  led  by  Robert  Forney, 
has  been  organized  at  JPL.  This  team  is  divided  presently  into  five  major 
Task  areas:  Silicon  Material,  Large  Area  Silicon  Sheet,  Module  Encapsulation, 

Automated  Array,  and  Large  Scale  Production.  The  Tasks  are  all  part  of  one 

integrated  effort  dedicated  to  reaching  the  Project’s  1985  objectives. 
Specifically,  the  Silicon  Material  Task  is  to  concentrate  or.  reducing  the 
basic  solar  cell  quality  silicon  material  price  to  less  than  $30/Kg  with  a 
goal  of  less  than  $10/Kg.  The  Large  Area  Silicon  Sheet  Task  is  to  convert 

the  iow-cost  material  into  large  areas  of  silicon  with  the  required  properties 

and  dimensional  thicknesses  that  v:iil  permit  their  conversion  into  high 
efficiency  solar  cells.  The  added  price  goal  of  this  process  is  less  than 
$1.60/sq.  ft.  The  Encapsulation  Task  is  to  produce  low-cost,  long-life, 
greater  than  20-year  lifetime  encapsulation  materials  and  techniques.  The 
Automated  Array  Task  is  to  convert  the  sheets  of  silicon  into  solar  arrays 
utilizing  facilities,  designs  and  processes  that  will  result  in  the  less 
than  $500/KW  objective.  The  Large  Scale  Production  Process  Task  has  as  its 
primary  objective  the  supply  of  silicon  solar  array  modules  to  ERDA’s 
Photovoltaic  Program  Demonstration  and  System  Test  and  Analysis  Projects. 
Approximately  10  megawatts  of  these  modules  are  presently  planned  to  be 
procured  from  Industry  with  gradually  increasing  auuua3  buys  over  the  next 
eight  years.  It  is  anticipated  these  buys  will  stimulate  the  market  and 
assist  Industry  in  developing  better  modules  at  lower  cost.  This  Large 
Scale  Production  Task  will  benefit  from  the  technology  advancement  achieved 
in  the  previously  described  four  Tasks  and  could  serve  as  a practical  test 
of  improved  designs  and  production  techniques.  It  is  a goal  that  hardware 
procured  through  the  Large  Scale  Production  Task  w^ill  be  bought  for  less 
than  $5  per  watt  by  1979  and  $2  per  watt  by  1983. 

This  Low-cost  Silicon  Solar  Array  Project  is  to  be  a National  effort 
involving  the  best  talents  Industry  and  Universities.  Requests  for 
Proposals  in  the  first  four  Task  areas  were  solicited  during  April,  and 
proposals  are  now  under  evaluation.  A Request  for  Proposals  for  the  first 
40  kilow’atts  of  solar  array  modules  required  in  the  Large  Scale  Production 
Task  will  be  released  in  the  near  future. 
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LOW-COSTSILICON  SOLAR  ARRAY  PROJECT 

1985  PROJECT  TECHNICAL  REQUIREMENTS 
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LOW-COST  SILICON- SOLAR  ARRAY  PROJECT 

SUMMARY  IMPROVEMENTS  REQUIRED 
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LOW  COST  SILICON  SOLAR  ARRAY  PROJECT 
TASK  INTERACTIONS 
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PHOTOVOLTAIC  CaiVERSION  OF  SOLAR  ENERGY 
Contract  #W7405“eng-  26 
OAK  RIDGE  NATIONAL  LABORATORY 
March  75  ~ July  76 
^180,000 

J.  W.  Cleland,  R.  0.. Westbrook 
H.  L.  Davis  and  R.  F.  Wood 
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1 ) Objective 

The  first  and  most  immediate  objective  of  the  photovoltaic  conversion 
work  at  ORNL  is  the  development  of  a thorough  understanding  of  and  techniques 
for  controlling  certain  factors  v/hich  are  known  to  degrade  the  electrical 
characteristics  of  p-n  junctions  in  silicon  semiconductor  devices.  The  rest 
important  of  these  factors  Is  the  nonuniform  distribution  of  phosphorus  which 
is  introduced  by  conventional  doping  techniques.  As  a possible  means  of  cir- 
cumventing this  problem  a thorough  study  of  nuclear  doping  is  currently  being 
emphasized.  The  second  objective  of  the  program  is  the  icentif ication  and 
control  of  point*  line  and  surface  imperfections  v/hich  act  as  recombination 
centers  to  degrade  the  minority  carrier  lifetime  in  both  single  and  poly- 
crystalline  silicon*  and  in  other  lll-V  and  1 1 -VI  semiconductors.  A third 
objective  of  the  program  is  the  identification  and  study  c"  new  solar  cell 
materials  and  growth  methods. 

2)  Past  Act i vi ty 

This  project,  though  recently  initiated*  is  closely  related  to  other 
research  at  ORNL,  e.g.,  the  v/ork  on  ultra-pure  germanium,  -uclear  doping, 
crystal  growth,  optical  and  electrical  properties  of  solids,  pure  materials 
research,  chemical  vapor  deposition,  electron  microscopy,  semiconductor  device 
modeling  and  testing,  and  organic  semiconductors. 

3)  Current  Effort 


The  first  phase  of  this  v/ork  is  being  devoted  to  the  applicability  of 
“nuclear  doped**  silicon  to  the  silicon  sotar  cell.  All  methods  presently 
used  in  the  preparation  of  silicon  for  semiconductor  devices  introduce  a 
nonuniform  distribution  of  any  chemical  dopant.  It  has  been  demonstrated 
that  the  distribution  of  phosphorus,  the  standard  n-type  dopant,  takes  the 
form  of  strlations  which  intersect  and  degrade  the  characteristics  of  a p-n 
junction.  These  striations  can  be  greatly  reduced  by  nuclear  doping,  in 
which  the  of  normally  available  silicon  transmutes  to  after  thermal 

neutron  capture  with  a half-life  of  2.6  hours.  Also,  no  other  impurities  are 
introduced  by  the  nuclear  doping  process  in  contrast  to  the  possibility  of 
inadvertant  contamination  of  the  melt  with  copper,  gold,  etc.  during  normal 
doping  procedures*  The  performance  of  high  pov/er  silicon  aiodes,  thyristors 
and  avalanche  detectors  is  significantly  improved  for  nucl ear-doped  Si  over 
that  for  conventionally  doped  ^^aterial  , and  a similar  improvement  may  be 
attainable  in  the  efficiency  of  silicon  solar  cells. 

We  have  irradiated  v/afers  and  ingot  sections  of  both  single  crystal  and 
polycrystalline  silicon  In  various  reactor  locales  with  a tnermal  to  epithermal 
neutron  ratio  from  unity  to  2,000,  and  have  introduced  10‘^  to  lO'®  phosphorus 
cm“^.  The  times  and  temperatures  required  to  remove  (n,y)  and  fast  neutron 
lattice  damage  are  being  studied,  and  electrical  property  ““easurements  are 
in  use  to  determine  the  carrier  concentration,  mobility,  and  minority  carrier 
lifetime  as  a function  of  the  total  flux,  thernal/epi thermal  ratio,  and  anneal- 
ing requirements.  Electron  microscope  and  microscopic  spreading  resistance 
measurements  are  in  progress,  and  test  specimens  are  also  being  evaluated  at 
other  laboratories  as  regards  their  performance  as  avalanche  detectors,  high 
voltage  power  rectifiers  and  thyristors , “3nd  solar  cells. 
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k)  Future  Plans 


After  the  first  stage  of  the  research  progran  is  well  advanced,  and 
definitive  results  on  the  role  played  by  the  nonunifon  distribution  of 
dopants  have  been  obtained,  the  emphasis  will  shift  tcward  studies  of 
electron-hole  recombination  processes.  This  part  of  the  program  wilt  rely 
heavily  on  a close  interplay  between  experimental  and  theoretical  research. 
Advanced  optical  techniques  and  spin-resonance  (vihere  applicable)  will  be 
used  to  determine  the  lattice  sites,  concentration,  energy  levels  and  life- 
times associated  with  those  impurities  and  point  imperfections  which  intro- 
duce deep  traps  and  act  as  recombination  centers.  The  role  played  by  dis- 
locations, grain  boundaries,  and  surfaces  in  promoting  recombination  and 
thus  reducing  the  minority  carrier  lifetime  will  be  thoroughly  studied  by 
optical.  Auger  electron,  LEED  and  electron  microscopy  techniques.  The 
theoretical  work  will  be  directed  toward  a determination  of  the  energy 
levels,  wave  functions  and  lifetimes  of  electrons  and  holes  at  deep  traps 
and  in  the  vicinity  of  line  and  surface  imperfections.  These  are  particu- 
larly important  studies  because  the  ultimate  success  of  photovoltaic  con- 
version as  an  alternative  source  of  energy  is  likely  to  depend  on  the  possi- 
bility of  using  polycrystai ; Ine,  amorphous  or  highly  impure  silicon  or  other 
materials. 

Single  crystal  Ingots  of  silicon  will  be  grown  by  float  zone  refining 
and  Czochralski  pulling  and  a systematic  study  will  be  made  of  the  require- 
ments for  control  of  point  defects,  defect  clusters,  dislocations,  twins, 
stacking  faults  and  unwanted  chemical  impurities.  Crystals  with  varying 
concentrations  of  those  imourities  most  frequently  found  In  silicon  will  be 
grown  for  use  in  lifetime  studies.  Samples  of  silicon  from  newer  growth 
processes  such  as  euge-def ined,  film-fed  growth  and  internal  zone  growth 
will  be  procured  and  prepared  for  testing.  Studies  of  growth  methods  for 
Ml-V,  ll-VI,  polycrystalline,  amorphous  and  organic  semiconductors  will  be 
surveyed.  The  possible  use  of  Shottky  barriers  instead  of  p-n  junctions  will 
be  explored  because  such  an  approach  may  lead  to  si~’plified  fabrication  pro- 
cedures and  hence  reduced  costs. 

5)  Survey  of  Key  Results  to  Date 

The  most  serious  problem  that  was  anticipated  with  the  nuclear  doping 
technique  was  the  removal  of  radiation  damage  that  is  introduced  as  a con- 
sequence of  (n,Y)  recoils  following  thermal  neutron  absorption,  and  as  a 
consequence  of  all  other  damage  mechanisms  activated  by  the  reactor  irradia- 
tion. We  have  now  produced  phosphorus  concentrations  in  silicon  from  10*^ 
to  10^®  cm”®  by  neutron  doping,  and  in  all  cases  have  been  able  to  recover 
the  carrier  mobility  and  a substantial  percentage  of  the  carrier  lifetime  by 
suitable  annealing  schedules.  We  find  that  generally  the  nobility  returns 
to  normal  at  lower  temperatures  than  the  lifetime,  but  as  the  annealing  study 
is  incomplete  at  this  time  we  do  not  know  the  upper  I'mit,  if  any,  of  life- 
time recovery. 
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DEVELOPMENT  OF  A 20%  EFFICIENT  SOLAR  CELL 
Grant  No.  GI-43090 
15  Months 

Initiated  1 June  1974 
$119,400 


Principal  Investigator: 
Dr.  Joseph  Lindmayer 
SOLAREX  CORPORATION 
1335  Piccard  Drive 
Rockville,  Maryland 


Presented  At 

National  Solar  Photovoltaic  Program  Review  Meeting 
Los  Angeles,  California 
Jul>  22-25,  1975 
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ABSTRACT 


The  efficiency  of  silicon  solar  cells  has  beer  increased 
significantly  in  the  last  few  years,  particularly  after  the 
introduction  of  the  violet  cell.  With  the  onset  of  the  ter- 
restrial photovoltaic  program,  it  became  apparent  that  techniques 
should  be  found  for  high  efficiency  inc:<i)ensive  solar  cells. 

This  Grant  was  given  just  for  such  a purpose.  The  actual  work 
has  proceeded  along  the  lines  which  are  basic  to  inexpensive 
technologies,  such  as  the  use  of  CZ  crystals,  chemical  surface 
preparation,  short  junction  formation  in  quantity,  back  junction 
formation  by  simple  alloying,  no  clean  room  operation,  etc. 

Progress  in  efficiency  during  the  grant  period  was  continuous 
and  the  20%  efficiency  has  been  just  about  reached  by  this  time 
as  is  indicated  in  the  attached  figures.  The  reason  for  the 
gradual  improvement  is  that  nature  resists  the  idea  of  large 
jumps;  improvement  in  one  parameter  usually  results  in  degrada- 
tion of  another  and  this  continuous  cross  talk  is  the  reason  for 
graduality . 

Much  of  the  efficiency  of  silicon  solar  cells  was  limited  by 
the  generation  of  three  types  of  defect  states:  bulk  states, 

surface  induced  states,  and  surface  states.  The  magnitude  and 
distribution  of  these  defects  affect  the  three  basic  parameters, 
photocurrent,  photovoltage  and  fill  factor. 
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A.  Current 


The  quantum  yield  of  the  cells  have  been  improved  continuously. 
The  short  wavelength  response  is  controlled  by  defect  states  near 
the  front  junction  while  the  red  response  is  controlled  by  bulk 
states  and  by  defects  generated  near  the  back  surface.  The  total 
collection  efficiency  is  approximately  78%  at  the  moment  for  flat 
surfaces  but  can  be  increased  by  some  5-6%  with  textured  surfaces. 
There  is  clearly  room  for  continued  improvement  in  the  current 
collection  efficiency. 

B,  Photovoltage 

The  complex  matter  of  photovoltage  has  been  attached  heavily 
both  theoretically  and  experimentally.  A general  mathematical 
treatment  indicates  that  the  practical  limit  of  a room  temperature 
photovoltage  of  about  600  mV  is  controlled  by  surface  thermal 
generation  current.  We  believe  that  the  problem  has  been  theo- 
retically identified  with  this  work  and,  therefore,  gives  an 
important  guideline  for  the  experimental  approaches.  We  believe 
that  with  sufficient  experimental  effort,  the  photovoltage  could 
be  raised  much  above  600  mV. 

C.  Fill  Factor 

Great  improvements  have  been  accomplished  in  the  control  of 
the  fill  factor  and  it  can  now  be  held  very  close  to  the  ideal 
value;  namely  in  the  range  of  78-80%.  These  excellent  results 
indicate  the  potential  return  that  can  be  obtained  by  minimi- 
zation of  defect  states. 
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The  combined  theoretical  and  experiiitental  effort  which  went 
in  many  directions  during  the  grant  could  not  encompass  detailed 
studies,  of  all  the  related  phenomena  but  has  been  instrumental 
in  establishing  a range  of  parameters  that  can  provide  consistently 
high  conversion  efficiencies. 
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OBJhCTIVES 
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LAST  6 IIOIITHS  ACTIVITY 
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DEFECT  STATES  (cm* 
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THREE  BASIC  TYPES  OF  DEFECTS  IN  SILICON  CELLS 
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GTHi  IH  MICRi 


SHEET  RESISTANCE  OF  DIFFUSED  PHOSPHORUS  LAYER  AS  A 
FUNCTION  OF  TEMPERATURE  (10  MIN.) 


lOOO/TC’K) 
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ESTIMATED  PHOSPHORUS  DIFFUSION  CONSTANT  AS  COMPARED  TO  PUBLISHED  VALUES 


TABLE  FOR  DIFFERENT  BACK  LAYERS 
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p-type 

spin-on 

Ga  glass 

n-type 

spin-on 
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n-type 

electron  beam 

Cr 

p-type 

filament 

Si  (p-type) 

n-type 

electron  beam 

Ti 

p-type 

filament 
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p-type 

electron  beam 

Ni 

n-type 

electron  beam 

SiO 
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electron  beam 
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electron  beam 
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electron  beam 
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electron  beam 
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electron  beam 
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electron  beam 

V 

*> 

electron  beam 

Sn 
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electron  beam 
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electron  beam 
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cal:ulated  photovoltage  for  two  cell  thicknesses,  the  parallel  lines 

ARE  FROM  THE  BULK  CONTRIBUTION  ALONE  (CONVENTIONAL),  AT  ',OW  DOPING 
LEV'^LS  IMPROVEMENTS  ARE  SEEN  FROM  REDUCED  REAR  RECOMBIN  . ION,  AT 
HIGH  DOPING  REVERSE  CURRENT  OF  TOP  LAYER  LIMITS  PHOTOVOI ’’AGE . 


ORIGINAL  PAGE  IS 
OF  POOR  QUAUn; 
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SUrtlARY  OF  KEY  RESULTS 


lilPROVEO  TAiiTALUn  OXIDE  CQATII16S 

TEXTURING  MAY  LEAD  TO  LOilG  TERM  DEGRADATIOiT 

HIGH  FILL  FAaORS  AROUliD  80Z 

BEHER  UHDERSTAilDIilG  OF  PHOTOVOLTAGE  PROBLEMS 

HIGHER  PHOTOVOLTAGE,  ABOVE  600  nV 

BERER  RESPONSE 

EFFICIBICY  HEAR  OR  AT  20X 

EFFICIENCY  IMPROVES  WITH  COHCEilTRATIOH 


PLAHHED  ACTIVITY  FOR  NEXT  6 MOUTHS 

GRANT  ENDS  IN  AUG.  1975;  RENEMAL  REQUESTED 

IF  RENEWED,  THE  EFFICIENCY  RANGE  ABOVE  20X  WOULD 
BE  EXAMINED,  INCLUDING  BASIC  RESEARCH  ON  EFFECTS 
OBSERVED  BUT  NOT  WELL  UNDERSTOOD 
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SOLAR  SILICON  DEFINITION  GRANT 


AER  75  - 03972 

PRINCIPAL  INVESTIGATOR  OR.  G.  F.  WAKEFIELD 

TEXAS  INSTRUMENTS  INCORPORATED 
DALLAS,  TEXAS  75222 


This  project  is  being  conducted  to  define  a preliminary  chemical  purity 
specification  for  solar  grade  silicon.  The  specification  should  permit  the 
utilization  of  less  pure  (than  semiconductor  grade)  silicon  to  manufacture 
solar  cells  having  efficiencies  of  at  least  10%  AMO.  Lower  purity  solar 
silicon  should  be  obtainable  for  significantly  reduced  cost  than  semicon- 
ductor silicon,  since  lower  cost  processing  approaches  could  be  utilized. 

The  criticality  of  this  goal  is  easily  appreciated  from  the  fact  that  silicon 
presently  contributes  20%  to  cost  of  solar  panels.  Reduction  of  the  panel 
cost  to  one  tenth  present  cost  is  obviously  material  limited.  Economies  of 
scale  and  learning  do  not  forecast  the  required  cost  reduction  since  semi- 
conductor silicon  is  already  an  established,  relatively  large  scale  industry. 

This  program  was  thus  conducted  on  a compressed  time  scale  to  allow  earliest 
consideration  of  the  reduced  purity  requirements. 

The  approach  on  this  project  was  to  prepare  crystals  from  high  purity 
silicon  doped  to  known  level  with  many  comnon  impurities.  This  impure  silicon 
was  fabricated  into  small  area  diodes  and  solar  cells  to  evaluate  the  effect 
of  the  impurities  on  device  performance.  Measurements  were  made  of  the  l-V 
characteristics  (with  emphasis  on  the  slope  of  the  recombination  and  injection 
influenced  curves),  the  photoresponse  behavior  and  lifetime  measurement  by 
photoconduct ive  decay  technique.  Following  selection  f ' the  maximum  levels 
of  ..npurities  tolerable  within  the  performance  criteria,  samples  of  impure 
silicon  were  fabricated  into  solar  cells  by  several  solar  cell  manufacturers. 

Tlie  performance  of  these  cells  was  compared  to  performance  of  cells  fabricated 
simultaneously  from  semiconductor  silicon  by  the  same  manufacturer  to  eliminate 
processing  variables.  The  results  of  the  diode  evaluation  showed  that  up  to 
several  ppm  of  most  comnon  impurities  were  tolerable  in  the  raw  material  silicon 
used  for  crystal  growth.  The  impure  silicon  provideo  for  solar  cell  manufacturers 
tests  was  grown  from  silicon  containing  10  ppm  of  each  of  the  impurities  being 

studied,  for  a total  impurity  level  of  120  p|xn  in  the  melt. 

The  solar  cells  made  from  the  impure  silicon  were  consistently  lower  in 

performance  by  .5  to  1%  absolute  from  all  sources.  The  Vq^  and  1^^  were  reduced 

.5750  to  .565  V and  31  to  20  ma/cm^  for  2"  diameter  cells  semiconductor  grade 
silicon  and  the  impure  silicon  respectively.  Cells  from  th^  impure  silicon  thds 
performed  90%  as  well  as  cells  made  from  silicon  having  10  - 10^  higher  purity 

level.  The  consistency  of  data  from  several  sources  of  fabrication  and  the 
normal  distribution  shape  of  the  yield  curve  tend  to  support  the  validity  of 
the  data. 

A preliminary  specification  was  drafted,  reviewed  with  government  and 
producers,  and  included  in  the  grant  final  report. 
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EFG  RIBBON  GROWTH 
K.  V.  Ravi 

Mobil  Tyco  Solar  Energy  Corporation 
Waltham,  Massachusetts  02154 


The  review  v/ill  cover  two  projects  ent’tled  “Continuous  Silicon  Solar 
Cells"  (Harvard -Tyco)  and  "Scale-Up  of  Program  on  Continuous  Silicon  Solar 
Cells." 

Past  aclivif’es  in  the  theoretical  aspects  of  EFG  ribbon  growih  have  dealt 
with  capilla3rj'  effects,  die  effects,  thermal  effects  and  crystal  shape  effects. 

This  program  was  concluded  in  March  and  the  final  report  is  near  completion. 
Effort  since  the  last  review  meeting  has  been  devoted  to  the  examination  . i 
the  shape  of  the  meniscus  at  the  ribbon  edges.  It  has  been  determined  that  the 
height  of  the  meniscus  at  the  ribbon  edges  was  underestimated  in  the  earlier 
theory.  Present  theoretical  findings  along  with  analogue  experiments  indicate 
that  tlie  side  meniscus  lifts  the  edge  meniscus  effectively  increasing  the  menis- 
cus height  at  the  edges.  Tliis  finding  has  important  consequences  in  the  stable 
growth  of  high  quality  ribbons.  Other  factors  considered  include  the  effects  of 
crystal  orientation  on  ribbon  shape  or  morphology. 

The  experimental  aspects  of  gro\Mh  have  dealt  with  continuous  ribbon 
growth  and  factors  contributing  to  ribbon  quality.  Continuous  ribbons  of  up  to 
80  ft  (1  in.  wide,  8 to  10  mils  thick)  in  length  have  been  grown.  With  the  use 
of  top  or  die  heaters  in  resistance  heated  crystal  growth  systems,  the  control 
of  vertical  temperature  gradients  as  well  as  the  height  of  the  meniscus  above 
the  die  is  possible.  By  employing  a higii  meniscus  mode  of  operation  of  the 
system  a few  crystals  of  very  hi^  quality  with  respect  to  defect  densities  (dis- 
locations, twins  and  SiC  particles)  have  been  grow-n.  The  crystals  also  maintain 
a constant  orientation  over  long  lengths. 
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The  quality  aspects  of  ribbon  crystals  have  been  under  continuous 
investigation  with  new  insists  into  the  characteristics  of  linear  boundaries 
and  SiC  particles  being  developed. 

A summary  of  the  states  of  EFG  ribbons  was  presented  in  the  IEEE 
11th  Annual  Photovoltaic  Specialists  Conference. 
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3.  FACTORS  RELATING  TO  THERMAL  EFFECTS  AND  CRYSTAL  SHAPE  CON- 
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<t.  CONTINUOUS  RIBBON  GROV.TH  HAS  BEBI  ACHIEVED  WITH  THE  MAXIMUM 
LENGTH  TO  DATE  BEING  80  FT  (1  IN.  HIDE.  8-10  MILS  THICK). 

5.  THE  STRUCTURAL  CHARACTERISTICS  OF  RIBBONS  AND  STRUCTURE  - 
PROPERTY  RELATIONSHIPS  HAVE  BEEN  STUDIED. 

6.  A FEW  HIGH  QUALITY  RIBBONS  WHICH  PROPAGATE  AND  MAINTAIN  SEED 
ORIENTATIONS  HAVE  BEEN  GROWN.  THIS  GROWTH  HAS  BEEN  ACHIEVED 
WITH  THE  HIGH  ItHISCUS  MODE  OF  OPERATION  OF  THE  SYSTEM. 
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SUMMARY 

The  growth  and  characteristics  of  edge«defined,  film«fed  grown  (EFG)  silicon 
ribbons  are  discussed . Factors  involved  in  the  growth  of  continuous  lengths  of  1 in. 
wide  ribbons  are  examined.  The  structural  and  electrical  characteristics  of  the 
ribbons  have  been  studied  and  the  results  are  presented.  Solar  cells  have  been  fabri- 
cated using  the  ribbon  crystals  and  typical  AMO  efficiencies  of  6 to  10%  have  been 
realized. 

INTRODUCTION 

Among  die  principal  factors  that  affect  economically  and  technically  the 
attainment  of  large  scale  silicon  fhotovoltaic  systems  is  crystal  growth.  Th^;  cost 
factors  associated  with  the  conventional  Czochralski  growth  technique  are  such  diat 
alternative  procedures  for  obtaining  single  crystal  silicon  in  ribbon  form  by  direct 
solidification  from  the  melt  are  desirable.  One  such  technique  is  the  edge-defined, 
film-fed  growth  (EFG)  process  vhose  features  have  been  discussed  elsevhere  (1.2). 
Initial  results  of  ribbon  growth  experiments  relating  to  silicon  were  reported  in 
previous  meetings  of  this  conference  (3,4)  and  elsevhere  (4a).  It  Is  the  intent  here 
to  present  an  update  of  this  technology.  A discussion  of  the  growth  aspects  of  silicon 
ribbon  is  followed  a description  of  the  structural  characteristics  of  the  state-of- 
the-art  ribbon.  Structure  property  relationships  have  been  studied  with  specific 
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emphasis  on  Jie  effects  of  linear  defect  boundaries  on  f^oto -generated  signals  in  the 
material.  Data  on  ribbon  solar  cells  is  presented  in  the  concluding  section  of  this 
paper. 

RIBBON  GROWTH 

The  most  prominent  characteristic  of  the  EFG  technique  is  ihe  abilit>  to  gmw 
ribbons  of  a given  uimensio.n  with  good  shape  co.itrol.  In  order  to  attain  this  dimen- 
sional control,  a die  is  inserted  between  the  bulk  of  the  melt  and  the  growing  interface. 
This  produces  several  advantages,  but  also  certain  engineering  constraints  which 
must  be  considered  in  the  growth  of  silicon  ribbons  by  EFG. 

Briefly,  the  advantages  of  the  EFG  process  are:  the  isolation  of  the  grewth 
interface  firom  the  bulk  of  the  melt;  the  production  of  an  interface  which  stays  at  a 
constant  location  relative  to  the  isotherms  in  the  system  - in  cad  of  fluctuating  up 
and  down  with  the  melt  - die  development  of  a fluid  flow  system  which  ensures  that 
the  composition  of  the  ribbon  will  be  that  of  tne  melt  feeding  the  ribbon;  and,  of 
course,  direct  shaping  of  the  crystal.  The  basic  requirement  is  the  existence  of  a 
die  material  which  is  wet  by,  but  which  does  not  significantly  react  with  molten  sili- 
con. 

The  die  material  currently  being  used  is  graphite.  Graphite  presents  a number 
of  problems  which  have  to  be  overcome  in  its  use  as  a die  for  EFG.  The  most 
apparent  problem  is  the  forma  ion  of  silicon  carbide  in  the  form  of  a layer  and  in  par- 
ticulate form  within  and  on  top  of  the  die  during  ribbon  growth.  The  particles,  about 
0.05  to  0.1  mm  in  the  largest  dimension,  create  a rough  surface  on  the  die.  They 
often  protrude  from  the  bottom  of  the  meniscus,  appearing  cold  and  black  in  contrast 
to  die  meniscus  of  molten  silicon.  These  cold  preci  'itates  cause  projections  of  the 
growth  interface  towards  the  cold  region.  These  projections  cause  a rough  solid- 
liquid  interface  thereby  leading  to  instability  and,  possibly,  structural  defects. 

Although  graphite  reacts  with  molten  silicon,  the  reaction  rates  have  been 
observed  to  be  slow  enough  for  the  suc-^essful  development  of  ribbon  growth  tech- 
nology. Up  to  65  feet  of  ribbon  has  been  grown  from  a single  die.  Examination  of 
the  dies  following  the  sustained  growth  of  long  lengths  of  ribbon  has  not  revealed  the 
presence  of  significantly  more  SiC  on  top  of  die  die  as  compared  to  carbide  forma- 
tion on  dies  through  which  smaL  lengdis  of  ribbon  ( < 10  ft)  have  been  grown.  Typi- 
cal examples  of  dies  from  w^ich  short  and  long  ribbons  have  been  grown  are  shown 
in  Fig.  1.  Further,  die  erosion  or  distortion  effects  were  not  observed  in  any  of  the 
dies  used  for  long  growth  runs. 
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The  die,  which  provides  the  advantages  of  shaping,  isolation  firom  the  melt, 
c tc.  also  imposes  certain  requirements  in  terms  of  design  of  the  die  and  of  the  ther- 
mal environment  surrounding  the  die.  In  addition,  certain  operating  or  process 
constraints  exist  which  have  to  be  considered  in  order  to  achieve  successful  growth. 
?’or  ex.implo,  the  amount  of  melt  which  is  in  prtiximity  to  the  gn>wing  ribbon  is  quite 
small  in  comparistm  to  Czochralski  growth.  Therefore,  loss  of  ver>'  small  amounts 
o'’  heat  can  pri'vide  enough  of  a temperature  decrease  to  cause  solidification  of  the 
ribbon  at  the  die  top. 

Silicon  has  approximately  twice  the  therntal  conductivity  of  graphite.  As  a 
result,  more  heat  flux  per  cross  sectional  area  travels  up  the  column  of  liquid  sili- 
con than  up  the  graphite  die.  In  addition,  the  outside  and  top  edges  of  the  die  tend  to 
l)e  cold  with  respect  to  the  molten  silicon,  since  in  typical  rf  heated  systems,  tlic 
outer  sloping  face  of  the  die  is  free  to  radiate  heat  away,  and  the  only  source  of  heat 
to  diat  portion  of  the  die  is  the  die  holder  or  lower  structures.  In  this  case  the  inter- 
face will  tend  to  curve  downward  towards  the  die  edftes;  if  die  temperature  of  the 
liquid  near  the  die  top  approaches  the  melting  point,  there  will  be  a tendency  for  the 
interface  to  advance  towards  the  die  edges. 

There  are  other  areas  where  a detailed  consideration  of  the  diermal  environ- 
ment at  the  top  of  die  die  is  crucial.  For  instance  in  spreading  a small  seed  into  a 
full  width  ribbon  there  are  several  different  thermal  stages  which  are  observed. 
Before  seeding  takes  place,  die  temperature  along  the  tc^  of  die  die  is  nearly  uniform 
and  is  just  above  the  melting  point.  Upon  seeding  there  is  additional  heat  loss  up  the 
seed  by  means  of  conduction  which  tends  to  decrease  die  temperature  at  the  top  of 
the  die  and  cau*"*'  +*5  silicon  to  freeze.  Heat  Is  added  at  this  time  in  order  to  remelt 
the  silicon,  or  cally  the  melt  ten^erature  is  raised  before  seeding  to  allow 

for  this  heat  1''  die  seed  has  been  melted  and  the  meniscus  has  been  estab- 

lished, growth  ma>  '■ ' ,ln.  However,  at  this  point  the  silicon  at  either  side  of  the 
seed  is  much  hotter  tiian  the  silicon  directly  under  the  seed.  Therefore,  the  ribbon 
will  tend  to  taper  instead  of  sp '"fading.  In  order  to  overcome  this  tapering,  growth 
speed  is  increased  rapidly  until  the  heat  of  solidification  at  the  narrow  seed  is 
generated  rapidly  cnou^  to  compensate  for  extra  heat  lost  up  the  seed.  At  this  point 
the  silicon  under  the  growing  seed  may  be  hotter  than  the  silicon  on  eidier  side  of 
the  seed,  and  the  ribbon  will  then  spread  in  response  to  the  temperature  gradient. 
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One  difficulty  widi  diis  approach  is  diat  die  growth  rate  nuis  i raised  very 
rapidly  to  a high  level  and  this  may  entail  dropping  the  heat  input  to  the  top  of  the  die 
to  such  an  extent  diat  the  rest  of  die  siucon  freezes  and  the  growth  is  aborted.  Full 
width  seeding  with  a growth  system  ts  essentially  isothermal  along  the  die  top 
has  been  developed  to  avoid  this  situat^cn.  The  edges  of  the  die  and  ribbon  radiate 
enou^  extra  heat  away  to  allow  the  ribbon  to  stay  at  ftiU  width. 

In  developing  this  technology,  three  meniscus  ^apes  (Fig.  2)  have  been  used 
as  simple  guides  to  the  thermal  environment  during  ribbon  growth.  The  first  shape, 
(Fig.  2A)  concave  widi  respect  to  the  ribbon  (meniscus  closer  to  the  die  at  the  center), 
is  attained  vdien  the  ends  of  the  ribbon  are  hot  with  respect  to  the  center  of  the  die. 
Growing  with  this  meniscus  shape  causes  the  ribbon  to  taper.  Attempts  to  spread  the 
ribbon  by  decreasing  the  temperature  lead  to  freezing  of  the  ribbon  to  the  center  of 
the  die. 

The  opposite  thermal  condition  (Fig.  2B),  the  ends  of  the  ribbon  cold  with 
respect  to  the  center,  leads  to  a meniscus  convex  with  respect  to  the  ribbon  (menis- 
cus closer  to  the  die  at  the  ends).  In  this  case  the  ribbon  will  spread  rapidly,  but 
it  is  difficult  to  prevent  the  edges  of  die  ribbon  from  freezing  to  the  die. 

Finally,  a meniscus  curved  up  on  one  end  and  down  on  the  other  results  from 
one  end  being  hotter  than  the  other.  A ribbon  grown  in  this  environment  tends  to  taper 
on  one  side  and  spread  on  the  opposite  (Fig.  2C) . This  phenomenon  is  also  caused  by 
having  the  die,  susceptor,  heat  shields,  or  other  connponents  slightly  out  of  balance. 
Tightening  of  con^nent  specifications  and  special  care  in  assembly  of  the  growth  set 
up  are  the  major  ways  to  avoid  this  problem.  The  vertical  gradient  variations  are 
also  crucially  important.  These  gradients  determine  allowable  growth  speeds,  sen- 
sitivi^  of  meniscus  hei^t  to  changing  growdi  speeds,  etc. 

Silicon  ribbons  have  been  grown  from  three  different  types  of  furnaces  arei 
with  three  types  of  pulling  mechanisms.  The  initial  experimental  work  was  done 
with  hi^  frequency  induction  systems.  These  are  characterized  by  simple  growth 
set  up  design,  good  visibility  and  rapid  power  adjustment  capability.  The  disadvan- 
tages include  hi^er  power  consumption,  rf  interference  in  control  devices,  and  the 
presence  of  a single  power  zone.  The  motor  generator  induction  fUrnace  has  die 
advantages  of  the  rf  system  but  uses  less  power  and  produces  less  electronic  inter- 
ference. It  still  is  characterized  ly  one  hot  zone.  Fig.  3 shows  a typical  example  of 
an  rf  heated  growth  station. 
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The  resistance  furnaces  v^ich  have  been  more  recently  developed  have  inde- 
pendent top  heating  zones  which  permit  the  attainment  of  continuously  variable 
tliermal  gradients  within  the  die.  In  addition,  the  combination  of  reliabilitv',  low 
power  consumption  (a  factor  of  3 less  than  rf  iieating),  low  olet:tronic  interference, 
and  design  flcxibilit\'  make  this  approach  more  desirable.  Its  drawbacks  arc  asso- 
ciated with  lh«-  more  complicated,  larger  system  enclosures  anc!  die  added  require- 
ments imposed  on  heating  element  design.  Fig.  4 shows  an  example  of  a resistance 
heated  system. 

Two  types  of  vertical  pulling  mechanism  have  been  used.  The  hydraulic  piston 
system  first  used  provides  a ver\-  smooth  stroke,  but  it  is  quite  bulky,  not  easily 
controllable  and  difficult  to  monitor.  The  second  type  uses  a motor  driven  ball  screw 
assembly  which,  with  suitable  mechanical  damping,  provides  easily  controlled  and 
monitored  pulling.  Finally,  two  different  continuous  belt  puller  designs  have  been 
used  to  grow  continuous  ribbon.  The  advantages  of  electric  control  and  monitoring 
are  still  present,  and  of  course  there  is  an  unlimited  pull  stroke.  The  major  problem 
are  providing  adequate  mechanical  guida  . the  ribbon,  avoiding  ribbon  "w'ander" 
within  the  belts  of  the  pullers,  and  in  the  „“ing  of  seed  holders  which  can  move 
through  the  belts  with  a minimum  of  distuioar  e In  the  transition  from  seed  holder 
to  ribbon.  All  of  these  systems  have  been  used  to  successfully  grow  1 inch  wide 
ribbons.  As  mentioned  above,  ribbons  of  lengths  up  to  65  feet  have  been  grown 
employing  continuous  belt  pullers.  The  ribbons  have  been  sufficiently  strain  free  to 
permit  reeling  on  to  3 ft  diameter  reels.  Fig.  5 shows  the  reeling  mechanism  on 
a growth  station. 

RIBBON  CHARACTERISTICS 

The  two  most  significant  ribbon  characteristics  in  addition  to  dimensional 
control  are  the  chemical  purity  and  erv  staliographic  structure. 

Chemical  Puritv^ 

Because  of  the  Intimate  contact  between  the  liquid  and  the  die  during  the 
growth  process  it  is  necessarj-  not  only  that  the  die  material  itself  not  introduce 
significant  numbers  of  electrically  active  impurities,  but  also  that  impurities  in 
(and  on)  the  die  be  minimized.  Carbon  is  electrically  inactive  in  silicon;  however, 
the  total  impuritv  content  of  t\  pical  high  purity'  commercial  graphites  can  be  of  the 
order  of  100  to  600  ppm.  Transition  metals  are  generally  present  as  major  fractions 
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of  the  total*  as  are  aluminum  and  silicon.  Fabrication  and  handling  of  graphite  dies 
can  also*  of  course*  introduce  a broad  spectrum  of  impurities.  Since  nothing  is  known 
about  the  kinetics  of  impurity  transfer  from  the  bulk  of  the  die  to  the  melt*  it  is 
safest  to  assume  that  all  impurity  atoms  present  in  the  die  will  be  immediately  intro- 
duced into  the  melt,  and  thus  to  strive  to  lower  the  impurity  levels  in  the  graphite 
as  far  as  possible.  As  an  example*  it  is  found  that  the  typical  graphite  die  material 
being  used  (DFP-2  grade  having  been  subjected  to  a high  temperature  purification 
treatment  by  the  manufacturer)  contains  approximately  5 ppm  of  iron.  This  trans- 
lates  into  approximately  6 x 10  atoms  of  iron  in  a 2.5  cm  wide  by  3.05  cm  long, 

~ 0.5  cm  thick  grai^ite  die. 

3 

A typical  melt  used  with  this  size  die  contains  about  10  cm  of  silicon.  Com- 

16  ^ 

plete  transfer  of  die  Fe  to  the  melt  would  then  produce  a level  of  4 x 10  atoms/cm 
of  Fe  in  the  silicon.  If  in  fact  only  Vfk  of  the  total  finds  its  way  into  the  melt*  the 
resulting  4 x 10  atoms/cm  of  Fe  is  still  a fairly  high  concentration  for  a deep 
level  impurity.  Given  these  considerations*  the  course  of  effort  followed  to  achieve 
suitable  low  impurity  levels  in  graphite  dies  is  discussed  below. 

Vacuum  Firing 

The  first  approach  to  cleaning  graphite  dies  was  vacuum  outgassing.  This 

-2 

process  evolved  from  a fairly  mild  1500“C*  10  torr  treatment  which  probably  only 

removed  the  more  volatile  contaminants  introduced  during  fabrication*  giving  typical 

-5 

ribbon  resistivities  of  0.5  n -cm*  to  a 1900®C*  10  torr*  one  hour  treatment,  vdiich, 
when  applied  to  dies  made  from  DFP-2  (i.e.*  pre -purified)  graphite  allowed  fairly 
consistent  growth  of  ribbon  of  1 to  2 n -cm*  p-type  resistivity.  Solar  cells  produced 
from  these  ribbons  typically  performed  at  about  1/2  to  2/3  the  level  of  control  cells 
made  from  commercial  Czochralski  silicon.  Spectral  response  data*  showing 
reduced  red-response  for  the  EFG-ribbon  cells  relative  to  the  Czochralski  cells, 
were  taken  to  indicate  the  presence  of  lifetime  killing  impurities  which  presumably 
were  not  being  removed  by  the  vacuum-firing  treatment. 

Hydrogen  Chloride  Firing 

The  use  of  high  temperature  treatments  in  chlorine  or  fluorine-containing 
atmospheres  for  the  production  of  nucleai  -grnde  and  spectrographic  graphites  is 
fairly  well-known  (5).  The  treatment  works  by  diffusion  of  impurity  atoms  from 
within  the  bulk  of  me  graphite  grains  to  their  surfaces*  there  to  react  with  the 
halogen  atoms  forming  volatile  halides  which  are  carried  away  in  the  gas  phase. 


128 


Consequently,  a procedure  for  the  post  fabrication  purification  of  die  dies  has 
been  established  involving  the  heating  of  the  dies  at  temperatures  of  ~ 1300°C  in  an 
atmosjAere  of  argon  and  anhydrous  HCl  with  a 5%  HCl  content  by  volume.  Tlie  puri- 
fication times  are  typically  5 hours.  As  a result  of  this  process  significant  improve- 
ments in  purity  have  been  observed  as  evidenced  by  electrical  measurements  and 
solar  cell  data  from  ribbons  grown  from  purified  dies. 

Crystallographic  Structure 

Typical  ribbon  crystals  currently  being  grown  by  the  EFG  process  are 
characterized  by  a large  density  of  crystallographic  defects.  A detailed  analysis 
of  defect  types  and  densities  in  many  ribbons  has  been  made  and  the  following  is 
a brief  discussion  of  these  characteristics.  By  far  the  most  predominant  defect 
types  observed  are  twins  and  dislocations  with  occasional  low  angle  grain  boundaries. 
In  addition,  silicon  carbide  (SiC)  particles  are  observed  as  inclusions  distributed 
randomly  across  the  length  and  the  wid’h  of  the  ribbon.  Typical  characteristics  of 
current  ribbons  can  be  described  as  follows. 

Twins 

Twin  boundaries  of  varying  densities  and  orientations  are  observed.  Both 
growth  twins  and  aefbrmation  twins  are  formed,  typical  examples  of  which  are  in 
Fig.  6.  Deformation  twins  are  sometimes  characterized  by  the  presence  of  dislo- 
cations in  their  vicinity  and  appear  as  fine  narro  .v  bands,  whereas  growth  twins 
are  typically  wide  and  generally  free  of  dislocations.  At  least  three  nxKles  of  twin 
nucleadon  appear  to  be  operative  in  the  crystals,  (a)  Twins  have  been  observed 
to  nucleate  at  SiC  particles  embedded  in  the  ribbon;  a typical  example  is  shown  in 
Fig.  7.  (b)  twin  nucleation  at  the  seed-crystal  interface  is  a common  occurrence 
with  both  deformation  twins  and  growth  twins  forming  at  the  interface;  examples  of 
this  are  shown  in  Fig.  8.  (c)  growtii  instabilities  represented  by  local  changes  in 
ribbon  dimensions  have  also  been  observed  to  generate  twins  as  shown  in  Fig.  9. 

Dislocations 

Most  of  the  dislocations  observed  appear  to  be  deformation  induced.  This  is 
evident  from  die  observation  that  the  dislocations  are  aligned  along  close  packed 
planes  to  form  slip  bands.  A typical  case  is  shown  in  Fig.  10.  Dislocation-twin 
interactions  are  frequently  observed  with  local  dislocation  pile-ups  (Fig.  11).  Dis- 
location gereration  around  SiC  particles  is  also  observed. 
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SiC  Particles 

The  inclusion  of  SiC  particles  in  ribbon  crystals  can  occur  as  a result  of 
three  possible  mechanisms;  (a)  precipitation  of  dissolved  carbon  in  the  solid  in  the 
form  of  SiC  subsequent  to  solidification,  (b)  precipitation  of  SiC  at  the  solid-liquid 
interface  as  a result  of  carbon  rejection  from  the  ^lidifying  crystal  into  the  menis- 
cus, and  (c)  the  pick-up  of  SiC  particles  by  die  interface  from  the  top  of  the  die  with 
subsequent  incorporation  into  the  solid. 

Althou^  a definitive  determination  of  the  relative  importance  of  these  pro- 
cesses has  not  yet  been  obtained,  initial  studies  indicate  that  by  far  the  most 
frequently  occurring  process  is  die  pick-up  of  SiC  particles  by  the  solid-liquid 
interface  frrom  the  die  and  die  attendant  inclusion  of  the  particles  in  the  ribbon. 

Typical  particle  densities  are  in  1-2  particles/cm  rai^. 

The  influence  of  seed  orientation  on  die  morphology  of  linear  boundaries 
(twins  and  arrayed  dislocations)  is  observed  to  be  quite  marked.  For  exanqile, 
ribbons  with  a (110)  < 112>  orientation  are  found  to  have  predominantly  linear 
boundaries  parallel  to  the  ribbon  edges. 

A number  of  avenues  are  available  for  obtaining  ribbon  quality  inqirovements. 
One  approach  is  discussed  here  which  involves  the  control  of  the  vertical  temperature 
gradient  within  the  die  to  minimize  the  dissolution  and  reprecipitation  of  carbon  in 
the  form  of  SiC.  A reduction  in  die  vertical  temperature  gradient  is  achieved  by  the 
use  of  an  independent  top  or  die  heater  in  a resistance  heated  crystal  growth  ajqiaratus 
(Fig.  4) . By  suitably  controllii^  the  temperature  at  die  die  top  the  temperature 
difference  between  the  silicon  in  the  crucible  and  die  silicon  at  the  top  of  the  die 
(the  meniscus)  can  be  kept  at  the  minimum.  By  this  means  short  lengths  of  ribbon 
have  been  grown  with  significantly  reduced  defect  densities  as  compared  with  ribbons 
grown  under  conditions  of  large  vertical  temperature  gradients  within  die  die. 

Table  1 shows  the  average  def^t  densities  observed  in  the  ribbon.  It  is 
apparent  that  densities  of  both  linear  boundaries  (twins  and  slip  bands)  and  disloca- 
tions are  lower  in  crystals  grown  from  resistance  heated  systems  employing  die 
heaters  to  appropriately  control  temperature  gradients. 

Table  II  lists  the  average  electrical  properties  of  ribbon  crystals  with  data 
on  typical  Czochralski  crystals  of  similar  resistivity  for  comparison.  A charac- 
teristic that  is  immediately  apparent  is  the  relatively  large  range  in  properties 
observed  in  the  ribbon  crystals.  This  fact  in  addition  to  the  largely  linear  morphology 
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Table  I.  Average  Defect  Densities  of  EFG  Silicon  Ribbons 
(20  in.  after  growth  initiation) 

Resistance 

RF  Furnace  Furnace 

2 2 
Parallel  Boundaries/cm  7.5  x 10  3.9  x 10 

Dislocations/cm^  1.2  x lO”  3 x 10^ 

(Data  represents  average  values  from  20  specimens  grown  in  an  rf  heated  apparatus 
and  10  specimens  from  a resistance  furnace) . 


Table  11.  Average  Electrical  Properties  of  EFG  Silicon  RiUx)n:  Boron 
Doped  - l.ln-cm. 


Resistivity; 

Mobility: 

Photoconductivity  Decay  Time: 
Absorption  Coefficient  at  1.8  pm: 


Average 

Range 

Typical 

Czochralski 

Values 

1.8  n -cm 

0.4  - 5.2 

1.8 

2 

215  cm  /V*sec 

60  - 320 

350 

8 Msec 

0.2  - 37 

15 

16  cm  ^ 

0.1  - 65 

0.05  - 0.5 

(Based  on  33  samples  from  14  ribbons  grown  from  one  rf  system) . 
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of  defects  observed  in  the  ribbon,  indicates  that  a full  understanding  of  local  defect- 
property  relationships  is  required  to  obtain  a complete  characterization  of  the  crystals. 

STRUCTURE  PROPERTY  RELATIONSHIPS 

The  conversion  efficiencies  of  silicon  solar  cells  are  dependent,  among 
other  things,  upon  the  presence  or  absence  of  non-radiative  recombination  centers 
and  upon  defect- impurity  factors  that  reduce  the  minority  carrier  lifetime  in  the 
bulk  of  the  crystal.  The  presence  of  large  densities  of  crystallographic  defects  and 
transition  metals  in  ribbon  crystals  undoubtedly  adversely  affects  solar  cell  proper- 
ties. In  order  to  determine  the  specific  effects  of  defects  on  electrical  characteristics, 
a relatively  detailed  examination  of  structure- property  relationships  is  needed.  A 
variety  of  procedures  has  been  adopted  to  evaluate  the  specific  electrical  effects  of 
particular  defects.  Among  the  most  dominant  defects,  as  previously  discussed,  are 
linear  boundaries  represented  by  twin  and  slip  bands.  These  linear  boundaries  have 
been  observed  to  exhibit  hi^y  anisotropic  properties.  The  local  electrical  charac- 
teristics of  the  ribbons  were  determined  by  measuring  the  local  photovoltage  and 
photocurrent  generated  by  a laser  beam  incident  on  a ribbon  solar  cell.  By  scanning 
the  laser  beam  across  the  width  of  the  ribbon  and  recording  the  photogenerated  signal, 
it  was  possible  to  evaluate  both  the  distribution  of  properties  across  the  width,  as 
well  as  the  effects  of  local  linear  defect  boundaries.  Fig.  12  shows  three  typical 
traces  of  the  short  circuit  current  response  produced  in  a ribbon  solar  cell  by  a 
scanned  laser  beam  at  three  different  regions  of  a long  ribbon.  Two  effects  are 
notable  in  these  plots.  The  current  response  at  the  edges  of  the  ribbon  is  markedly 
reduced  in  comparison  with  the  response  at  regions  removed  in  comparison  with  the 
response  at  regions  removed  from  die  edges,  and  localized  small  scale  variations 
in  the  signal  are  evident  across  the  entire  ribbon  width.  The  localized  reduction  in 
photocurrent  has  been  directly  related  to  the  presence  of  linear  boundaries.  The 
optical  micrograph  in  Fig.  12  indicates  a set  of  parallel  boundaries  which  cause  the 
particular  reduction  in  short  circuit  current  shown  by  the  arrows  on  the  plots.  A 
one-tc-one  correlation  between  the  presence  of  linear  boundaries  and  a local  reduc- 
tion in  photogenerated  signals  has  been  observed. 

When  the  defect  morphology  is  more  complicated,  as  in  the  case  of  inter- 
secting boundaries,  the  effects  on  electrical  characteristics  are  further  exacerbated. 
This  is  demonstrated  in  Fig.  13  where  the  short  circuit  current  generated  at  a region 
containing  multiple  intersecting  boundaries  is  much  lower  than  that  generated  in 
regions  either  free  of  boundaries  or  containing  non-intersecting  parallel  boundaries. 
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Tnis  distinction  in  the  properties  of  intersecting  and  non- inter  sec  ting  boundaries 
has  also  been  observed  in  the  breakdown  characteristics  of  mesa  diodes  fabricated 
in  ribbon  crystals  (6)  as  well  as  in  solar  cell  properties  (7). 

An  indication  of  the  range  of  light  generated  current  response  in  a ribbon  as 
a result  of  the  presence  of  linear  boundaries  can  be  obtained  by  comparing  the 
theoretically  expected  spectral  response  of  a solar  cell  for  different  minority  carrier 
diffusion  lengtlis  in  the  base  material  with  the  experimentally  determined  short  cir- 
cuit response  at  the  wavelength  of  the  laser  beam  (He-Ne  laser  with  a wavelength  of 
633  nm) . Fig.  14  shows  a plot  of  the  theoretically  determined  spectral  response  for 
different  values  of  diffusion  length.  (See  Appendix  for  a discussion  of  the  theoretical 
basis  used  to  obtain  the  plots  in  Fig.  14) . The  range  of  values  for  the  collection 
efficiency  (Q)  at  633  nm  obtained  from  the  laser  measurements  is  superimposed  over 
the  theoretical  plots.  Q values  were  calculated  from  Eq.  1 in  the  Appendix  by  taking 
the  peak  of  short  circuit  photocurrent  response  due  to  the  laser  beam  excitation 
(X  = 633  nm.  No  (Incident  photon  flux  density)  = 4.8  y 10  photons/cm  sec)  as 
the  maximum  and  the  valley  response  as  the  minimum  in  the  range.  It  is  observed 
that  the  peak  response  corresponding  to  defect-free  regions  indicates  that  the  diffu- 
sion length  for  minority  carriers  is  ~30  M whereas  the  di^sion  length  at  the  linear 
boundaries  is  <^5  M.  A reduction  in  the  minority  carrier  diffusion  length  of  a factor 
of  six  results  at  the  defect  boundaries.  This  range,  of  course,  is  for  a specific  rib- 
bon and  could  vary  as  a function  of  the  particular  processes,  such  as  die  purification 
techniques  employed  during  ribbon  growth. 

Tne  change  in  ihe  diffusion  length  at  the  boundaries  indicates  either  a reduction 
in  the  mobility  or  lifetime.  This  can  be  the  result  of  die  direct  effect  of  the  defect 
boundaries  as  a consequence  of  die  strain  associated  with  the  boundaries  or  as  a 
result  of  the  presence  of  dangling  bonds  associated  v,  ith  dislocations.  However, 
a detailed  analysis  of  the  I-V  characteristics  of  ribbons  containing  linear  boundaries 
suggests  that  an  association  of  impurities  with  the  boundaries  is  a more  likely  reason 
for  the  unusual  electrical  behavior  (8).  A more  precise  indication  of  the  localized 
conduction  behavior  of  linear  boundaries  was  obtained  by  a scanning  electron  micro- 
scope operated  in  the  electron  beam  induced  current  (EBIC)  mode  (9).  This  technique 
permits  the  investigation  of  the  electrical  effects  of  localized  defect -impurity  com- 
plexes in  semiconductors  (10, 11).  The  cu’-rent  generated  in  a diffused  n^p  junction 
(a  solar  cell)  by  a scanning  electron  beam  is  amplified  and  displayed  on  a CRT.  By 
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operating  the  instrument  in  ^ single  line  scan  mode  the  local  interaction  between  the 
beam  generated  carriers  and  the  linear  defects  can  be  observed.  Fig.  15  shows  a 
secondary  electron  image  of  a set  of  linear  boundaries.  The  waveform  shows  the 
EBIC  signal  obtained  when  the  beam  is  scanned  across  the  linear  boundaries  by 
employing  a single  line  scan,  The  instrument  was  operated  at  30  kV  with  s beam 

o 

current  of  200  mA  and  spot  size  of  ~ 1500  A . When  the  beam  crosses  a linear 
boundary  a local  reduction  in  the  EBIC  signal  is  observed.  The  waveform  represents 
the  net  flow  of  charge  carriers  at  the  space  charge  region  of  the  p n junction  in  the 
region  containing  the  linear  boundaries.  Tne  abrupt  change  in  the  EBIC  signal  indi- 
cates that  the  boundaries  function  as  local  regions  of  low  minority  carrier  lifetime 
in  the  ribbons.  Further  discussion  of  this  phenomenon  will  be  presented  elsewhere  (8). 

RIBBON  SOLAR  CELLS 

Solar  cells  have  been  fabricated  from  randomly  sampled  ribbon  blanks,  thus 
ensuring  that  all  qualities  of  ribbon  have  been  included.  Typical  junction  depths  sought 
were  ~0,5  jam  with  phosphorous  diffusion  being  performed  in  an  oxidizing  ambient. 
Cells  up  to  1 in.  x 4 in.  in  size  have  been  fabricated  (Fig.  16)  using  A1  - Ag  contacts 
formed  by  evaporation  throu^  a mask.  The  data  presented  in  this  paper  is  from 
1 cm  X 2 cm  solar  cells. 

As  expected,  the  particular  characteristics  of  ribbon  crystals  introduce  cer- 
tain unique  problems  in  solar  cell  fabrication  and  performance.  The  effects  of 
parallel  and  intersecting  boundaries  on  solar  cell  properties  have  been  reported 
elsewhere  (7).  The  effects  of  non-random  properties  across  the  ribbon  width  dis- 
cussed in  the  previous  section  are  also  reflected  in  solar  cell  performance.  By 
selecting  1 cm  x 2 cm  specimens  from  both  the  central  regions  and  the  edges  of 
1 in.  wide  ribbons  the  influence  of  the  edges  on  cell  performance  could  be  determined. 
Table  111  shows  a comparative  analysis  of  the  properties  of  cells  from  the  two  regions. 
Significant  degradation  of  cell  characteristics  from  the  edges  of  the  ribbon  supports 
the  data  presented  in  the  previous  section. 

Spectral  response  measurements  on  ribbon  solar  cells  indicated  certain 
unique  characteristics  in  terms  of  the  short  wavelength  response  of  the  cells. 

Ribbon  cells  were  typically  observed  to  function  better  toward  die  blue  end  of  the 
spectrum  as  compared  to  Czochralski  cells  made  under  identical  conditions. 

Figure  17  shows  this  result.  The  effects  of  die  purification  (vacuum  heat  treatment 
and  halogen  treatment  as  discussed  in  the  Ribbon  Characteristl<^3  section)  are  also 
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Table  111.  Solar  Cell  Data  for  Specimens  Selected  from  Ribbon  Edges  and 
Ribbon  Center 


Mean  Values 


Type  of 
Cell 

No.  of 
Cells 

— 

V 

oc 

(mV) 

I , ./A 

sc  2 
(mA/cm^) 

/A 

max  „ 
(mW/cm^) 

rill 

I'actor 

1 

Reverse 
I .eakage 

(ma) 

Center 

7 

529 

18.7 

7.0 

0.71 

620 

Edge 

7 

516 

17.8 

5.8 

0.62 

2.1  mA 

indicated.  The  reduced  response  of  the  ribbon  cells  in  the  red  end  of  the  spectrum 
is  as  expected.  (The  HCi  die  purification  treatment  shows  the  expected  improvement 
in  red  response).  The  Uue  response  however,  is  observed  to  be  better  for  ribbon 
solar  cells  as  compared  to  Czochraiski  cells.  Typically,  blue  response  can  be  im- 
proveo  by  shallower  junction  depths  (12).  Consequently  the  junction  depths  for  a 
large  number  of  ribbon  and  control  Czochraiski  specimens  were  measured  and  a 
difference  of  ~50%  was  observed  in  the  depths  with  the  ribbon  specimens  having 
shallower  junctions  when  diffused  under  identical  conditions.  The  mechanism 
involved  in  this  phenomenon  is  being  investigated  and  will  be  reported  shortly  (13). 

Figure  18  shows  typical  I-V  characteristics  of  current  state-of-the-art  ribbon 
solar  cells.  Typical  efficiencies  of  6 to  10%  und-'^  approximate  AMO  conditions  have 
been  realized,  vdiich  compare  very  favorably  with  conventional  Czochraiski  solar 
cells. 

CONCLUSIONS 

One  inch  wide  ribbons  '-8  to  10  mils  thick  have  been  grown  continuously  to 
various  lengths  up  to  65  ft.  The  carbon  dies  used  show  no  observable  distortion  or 
erosion  indicating  that  continuous  ribbon  growth  can  be  achieved  with  carbon  dies. 

Purification  procedures  adopted  have  demonstrated  that  impurities  in  the 
carbon  dies  can  be  reduced  to  improve  the  purity  of  the  ribbons. 

An  initial  study  of  defect  distributions  and  structure  property  relatioships 
has  shown  that  defect  impurity  association  appears  to  cause  the  major  problem  in 
ribbon  crystals.  Improvements  in  electrical  characteristics  can  be  achieved  by 
suitable  reductions  in  bo*'h  impurity  content  and  defect  densities.  Tlie  use  of  resis- 
tance heated  ribbon  growth  systems  with  controllable  thermal  environments  has 
reduced  defect  densities  markedly. 
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Solar  cell  efficiencies  attainable  with  appropriate  device  process  technology 
in  ribbon  crystals  are  around  6 to  10%  under  AMO  illumination  conditions.  These 
efficiencies  have  been  attained  with  a current  state-of-the-art  material  which 
includes  relatively  high  densities  of  twins  and  dislocations  in  addition  to  transition 
metal  impurities.  Improvements  in  ribbon  characteristics  can  be  achieved  by  more 
refined  thermal  -lesign  of  growth  systems,  improved  purity,  and  a reduction  in  and 
ccntrol  of  defect  densities  and  distribution. 
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APPENDIX 


The  collection  efficiency  Q (X ) of  a photovoltaic  cell  can  be  expressed  as: 


Q(X) 


Tx) 


(1) 


where 

and 

No 

R 

a(\) 


ft 


O 

Short  circuit  density  of  the  cell,  (imp/cm  ) 

2 

Rioton  flux  density  being  absorbed  in  ibe  cell,  ^hoton/cm  sec). 
No(l-R)  (l-e‘  a(X)£) 

Incident  photon  flux  density,  (photon/cm  sec). 

Reflectivity  of  the  cell  surface. 

Absorption  coefficient  as  a function  of  photon  wavelength  X , 
(cm-1). 

Thickness  of  the  cell,  (cm). 


By  programming  the  expression  for  Q (a)  formulated  by  Dale  and  Smith  (14) 
in  such  a form  that  the  itqHit  parameters  depend  on  (for  an  N /P  junction) : the 
minority  carrier  diffusion  length  Ln  in  the  p-type  base  material,  junction  depth  Xj, 
gu»*«T'e  layer  carrier  mobility  Mp,  and  lifetime  Tp,  surface  impurity  concentration 
to  ,3  impurity  concentration  ratio  Ns/NB,  cell  Sickness  £ , and  surface  re-ombi- 
nation  velocity  Vs,  die  value  of  Q {a)  the  total  collection  efficiency  can  be  calcu- 
lated (15).  The  conversion  of  Q (a)  to  Q (X)  Is  accomplished  by  using  the  absorption 
data  of  Dash  and  Newman  (16). 
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Fig,  II,  EMslocatlon  pile-ups  against  twin  bouwlaries. 
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Fig.  12.  Short  circuit  current  response  plotted  as  a ftinctfon  of  distance  across  the 

riWjon  wWrii*  Ihe  three  plots  were  olstidiied  from  thr<»  regions  along  the 
ribbon  !en^.  Micwgra]^  shows  twin  boundaries  i^lch  caused  the  parti* 
cular  oirrent  indfrated  1^  die  arrow  on  the  plots. 


li 


current*  Arrow  Indicates  the  region  on  the  plot  oorxespondlng  to  the  region 
In  the  ribbon  containing  intersecting  bcwindarles. 


Theoretically  determined  spectral  response  for  different  values  of  diffusion 
lengths  in  the  base  region.  The  laser  scan  data  Is  superimpose  over  the 
theoretical  plots.  Data  used  to  obtain  the  plots  were;  Xi  » 0.29  pm; 

Ns/No  * ICFj  Pp  * 10  cm2/v*sec;  rp  » 10“ gee;  f « 10  mils;  Vg  » 105  ci 


t 


f 1 1 i 


Secondary  electron  uviaiie  oi  linear  toundaries  in  a ribbon 
form  shows  the  EBIC  signal  when  tlic  electron  team  Is  scanned  *e 

boundaries.  A direct  correlation  between  tlie  bttundaries  ana  a local  raiuc 
tlon  in  the  EBIC  is  observed. 


mmmm  ^Mrnm 
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17.  Comparison  of  spectral  response  measiirements  made  on  Czochralsfcl  and 
riWson  solar  cells.  See  text  for  discussion. 
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Fig.  18.  Typical  I-V  characteristics  of  current  state-of-the-art  ribbon  solar  cells. 
This  data  was  obtained  from  ribbons  displaying  typical  defect  structures 
listed  in  Table  I.  An  I-V  curve  from  a control  Czochralski  cell  is  also 
shown.  The  cells  have  been  AR  coated. 
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SILICON  RIBBON  GROWTH  USING  A 
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Hopewell  Junction,  New  York  12533 

JPL  SUBCONTRACT  954144 

National  Solar  Photovoltaic  Program  Review  Meeting 
July  22-25,  1975 


ABSTRACT 

A review  of  work  performed  since  the  inception  date 
(May  8,  1975)  is  presented,  along  with  an  outline  of 
the  project  concept  and  work  plan  (Figs.  1-3). 

The  crystal  growth  method  involves  Meniscus  shaping  at 
the  vertex  of  a wettable  die.  As  ribbon  growth  depletes 
the  melt  meniscus,  capillary  action  supplies  replacement 
material  (Fig.  4).  Because  of  the  die/melt  proximity, 
a durable,  nonreactive  die  is  desirable.  A number  of 
materials  (Fig.  5)  have  been  collected  for  die  evaluation 
and  are  being  machined.  Crystal  growth  to  date  has  been 
done  with  graphite  and  silicon  carbid.e  dies.  Graphite 
dies  lead  to  particle  inclusions  in  th'^  ribbon  surface. 

We  have  positively  identified  th"  particles  as  beta  silicon 
carbide  (Fig.  6).  Silicon  carbide  particles  and  carbon 
cause  defect  nucleation  in  otherwise  defect  free  ribbons 
(Fig.  7).  We  have  grown  a number  of  12  mm  wide  x 0.5  mm 
thick  X 1 m long  ribbons  to  thoroughly  characterize  the 
state-of-the-art  multi-crystalline  ribbons,  and  are  in  the 
process  of  scale-up  to  25  mm  wi  ’ths  while  studying  process 
changes  for  improved  ribbon  structure. 

'f 
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Two  projects  which  were  begun  before  the  inceucion  date 
were  completed  during  the  past  two  months.  An  expression 
for  maximum  potential  ribbon  growth  rates  was  derived  an 
the  results  are  shown  graphically  in  Figs.  8-9.  Current 
rates  for  0.05  cm  thick  ribbons  (about  2 cm/min.)  are 
approximately  30%  of  the  maximum  value.  The  second  com- 
pleted project  involved  the  growth  of  silicon  tubes  6 mm 
in  wall  thickness,  and  over  1 m in  length  by  the  capillary 
action  shaping  tccl.nique  (Fig.  10-12).  Tube  structure  was 
similar  to  that  of  ribbons.  Planar  defects  and  some  largo 
angle  grain  boundaries  were  present,  with  the  largest  grains 
extending  over  one  quarter  of  th'  tube  circumference. 

In  conjunction  with  and  support  of  the  technology  development 
effort,  an  economic  evaluation  and  computt  -aided  simulation 
of  materials^  processes  and  resources  is  being  performed  for 
the  purpose  of  clarifying  the  complex  interactions  between 
economic  and  physical  variables.  Objectives  are  listed  in 
Fig.  13. 

To  date,  a methodology  for  analyzing  a given  processing  step 
has  been  defined  and  ribbon  pulling  was  chosen  as  the  initial 
modeling  effort.  The  assigned  parameters  of  the  mathematical 
model  are  shown  in  Figure  14,  and  Figure  15  lists  the  para- 
meters which  are  subsequently  calculated.  The  data  flow 
model  is  shown  in  Figure  16.  An  example  of  the  computer 
generated  input/output  formats  is  presented  in  Figures  17  and 
18.  Figures  19  through  23  address  the  remaining  review  items. 
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SILICOli  RlBBni'  GROWTH  I'SU'G  A C/PILLARY 
ACTlOf:  SH/'PINf-  TrCii:TOUF 


G.  H.  SCHWUTTKF,  PPOGRAH  WiWEP 
9W-8P7-3W0 


JPL  COKTRACT  NW'PEP:  PSAMi! 


(SUBCONTRACT  UNDER  NASA  CONTRACT  NAS7-100) 
(TASK  ORDER  NO,  RD-J52' 
EFFECTIVE  DATE  OF  CONTRACT;  5/8/75 
CONTRACT  EXPIRATIOI.  DATE;  12/31/76 
CONTRACT  AiiOUNT;  $2M,133. 


ORIGINAL  PAGE  IS 
OP  POOR  QUALHY 


OBJECTIVES 


1.  TECHfiOLOGICAL  ASSESSfTfIT  OF  RIBBON  GROWTH  OF 
SILICOM  USIM6  A CAPILLARY  ACTION  SHAPING  TECHNIQUE. 

2.  ECONOriC  EVALLATIOK  OF  RIBBON  SILICON  GROWN  BY  A 
CAPILLA.PY  ACTION  SHAPING  TECHNIOUE  AS  LOW  COST 
SILICOf;. 


SYNOPSIS  OF  PPOGRAi*  OF  STUDY.  PRINCIPAL  INVESTIGATORS 

1.  CRYSTAL  GROWTH  OF  SILiCOL  RIBBONS  (T.  F.  CISZEK) 

2.  CHARACTERIZATION  CF  SILICON  RIBBONS  (G.  H.  SCHWL'TTKF) 

3.  FCONOriC  EVALUATIONS  AND  COI^PUTER  AIDED  SlfT'LATION 
OF  RIBBON  GROWTH  (A.  KRAN) 


1S3 


STATEKEKT  OF  WORK 


1.  EVALUATIOH  OF  DIE  flATERIALS  AND  DESIGNS 

2.  DETERMINATION  AND  OPTIiUZATIOK  OF  BASIC 

GROWTH  PROCESSES 

3.  STUDY  PROCESS  EFFECTS  ON  RIBBON  PROPERTIES 

4.  STUDY  REQUIREMENTS  FOR  MULTIPLE  AND 

CONTINUOUS  GROWTH 

5.  EVALUATION  OF  CHARACTERIZATION  PROCESSES 

6.  ECONOMIC  ANALYSIS  OF  RIBBON  AND  CZOCHRALSKI 

TECHNIQUES 


1S4 


DIE  MATERIALS  UNDER  INVESTIGATION 


ZIRCONIUM  BORIDE  (HOT  PRESSED 
TITANIUM  BORIDE  (HOT  PRESSED) 
BORON  CARBIDE  (HOT  PRESSED) 
ALUMINUM  BORIDE 
SILICON  NITRIDE 

SILICON  CARBIDE  (RECRYSTALLIZED) 
VITRIOHS  CARBON 
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IDENTIFICATION  OF  YELLOWISH-GREEN  INCLUSION 


CRYSTAL  ASTM  CARD  #1-1119  Beta  SiC 
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CRYSTAL  DIAMETER  OR  RIBBON  V^IDTh*  <CM) 


GROWTH  RATE  (METERS/HR) 
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OBJECTIVE  OF  COMPUTER  AIDED  MELING 


0 TO  UNDERSTAND  THE  RESPECTIVE  IMPORTANCE  OF 
PARAMETERS  AND  THEIR  ASSIGNED  VALUES 

0 TO  AID  IN  SENSITIVITY  STUDIES 

0 TO  ASSESS  THE  IMPACT  OF  TECHNOLOGY  IMPROVEMENTS 
ON  THE  ECONOMIC  OUTLOOK  FOR  PHOTOVOLTAICS 

0 TO  GAIN  INSIGHT  ON  ASSUMPTIONS  ACC  TECHNOLOGY 
PROJECTIONS 
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MATHEMATICAL  MODEL 


1.  ASSIGNED  PARAMETERS 

CC  = CRUCIBLE  COST,  $ 

CH  = ENERGY  TO  OPERATE  EQUIPMENT,  KW 

CP  = POWER  COST,  $/KWH 

DS  = SILICON  DENSITY,  2.33  g/cm^ 

EC  = CONVERSION  EFFICIENCY,  I 
ED  = ENERGY  DENSITY,  PEAK  AT  AMI,  I 
EP  = EQUIPMENT  PRICE,  $ 

HW  -■=  WORK  WEEK,  HOURS 
FC  = FACTOR,  % 

IN  = INTERST,  I 

LP  = POLY  SILICON  COST,  $/KG 

LR  = REMELTED  MATERIAL,  % 

LY  = POLY  YIELD  TO  RIBBON,  1 
MA  = MACHINE  AVAILABILITY,  I 
NU  = NUMBER  OF  YEARS 
PE  = ANNUAL  SALARY  OF  ENGINEER,  % 

PS  = ANNUAL  SALARY  OF  SUPERVISOR,  $ 

PT  = ANNUAL  SALARY  OF  TECHNICIAN,  $ 

R6  = RIBBON  GROWTH  RATE,  M/HR 

RS  = RIBBONS  GROWN  SIMULTANEOUSLY 

RT  = RIBBON  THICKNESS,  MM 
RW  = RIBBON  WIDTH,  CM 

RY  = RIBBON  GROWTH  YIELD,  1 
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2.  CALCULATED  PARAHETERS 


3 = AREA  GROWTH  RATE,  M^/HR 
£R  = CAPITAL  RECOVERY  FACTOR 
iC  = DIRECT  COST,  i/f? 

EC  = CAPITAL  EQUlPHENT  COST,  i/T? 

GA  = GENERAL  « ADHIf)ISTR,*TIVE  COST, 

LC  = POLY  SILICON  CO' 

NC  = ENETGY  COST  AT  MATERIAL  LEVEL,  $/KW 
JJH  = WORKING  HOURS  PER  YEAR 
f C = PERSONAL  COS ' , %/V? 
fR  = PROFIT,  $/m2 
OH  « OVERHEAD,  %/V? 

SS  = SERVICES  S SUPPLIES,  $/H^ 

TO  = COST  OF  TOTAL  OPERATIONS,  t/f? 

YF  - YIELD  FACTOR 
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Ll:s:  OF 


TnFIH  ASS  TCI.  HD  VALULS 


tapa::stfss  ai 


UkUas.  MZl 

1 . rpcOV.  GIWSU  SnWLTAFFOUSLY  - 1 1 1 

2 RJo30a'  width,  C!I  - 3 3 3 

3 RIHDOH  GROWTH  RATE, i:/ Hi'.  - 2.3  2.3  . 3 

4 lUUDOii  TiilCKDESS,  !T.  - 0.2  0.2  0 * 

5 YI'GDD  OF  GCOV  RTBllC!: , VERCEHT  - CO  70  6C 

QQ.5.T 

T,  i'.IPBQH  FWP.iiACS,  DOLLARS  - 20000  25000  250CC 
7 KQUIFtrE.ir  LIFE,  YEARS  - 7 

0 INTEREST  RATS,  PERCENT  - 0 

9 EQUiniSNT  AVAILABILITY,  PERCENT  - 70 

10  PERSONNEL  PEL  SHIFT 


11 

NO. 

OF 

SUPL'RVISOnS 

- 0.05  AT 

A YEARLY  RATE  OF 

- 25000 

12 

• 1 L/  • 

C P 

EHC2 USERS  - 

0.1 

AI  A 

YEARLY  FATE  0?  - 

20000 

13 

NO. 

OF 

TECHNICIANS 

- 0.5 

AT 

A YEARLY  RATE  OF 

- lOOOC 

14  POLY  SILICON  COST,  DOLE /KG  - 65  65  C5 

15  POLY  YIELD  TO  RIBBON  ,P'ERCEST  - 8 0 8 0 8 0 

If.  SERVICES  AND  SUPPLIES 

17  ONE  C.^'UCISU:  PER  'JAY  AT  A COST  OF  - 30  IOLLAR.7 

18  POWER  COST  AT  - 0.0  5 DOLLARS  P’ER  KWH 

19  ENERGY  TO  OPERATE  EQUIPUENT  - 20  KW 

- 50  FCT  OF  PERSONNEL*  10  PCT  OF  R.\U  FATL  COST 
iZ-daii-d  - 13  PERCENT  OF  DIRECT  COST*CVERNEAD 

HB.Q.ZIZ  BEFORE  TAX,  PERCENT  - 10  OF  DCiO/H*GaA 

flLiQ.'^kkLUaU.S. 

2 0 WORKUESI'.,  HOURS  - 120 

21  CONVERSION  SFtICIENCY,  PERCENT  - 7.5 

2 2 ENERG"  lENSITY  AT  ARl  , 'KW / 1:  SQ  Pi'AH  - 1 
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LcoiiOi'iics  OF  Silicon  ivibLou  - lUtTboi;  Puller 
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3.  PLANNED  ACTIVITY  TO  DATE  (3  MONTHS) 


DESIGN  A COnPUTER-AIDED  I^ODEL  TO  ESTABLISH 
A RELATIONSHIP  BETWEEN  THE  COMPLEX  INTEPKTIONS 
OF  ECONOMIC  AND  PHYSICAL  VARIABLES. 
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AND  DEBUGGED.  LITTLE  r,  DATE.  TOO  EARLY  TO  FORMULATE  PLANS. 
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PLA.NNED  ACTIVITY  FOR  HFXT  G MOWTH<; 


N76  12476 


RESEARCH  AND  DEVELOPMENT  OF  LOW 
COST  PROCESSES  FOR 
INTEGRATED  SOLAR  ARRAYS 

M.  Wolf/L.  Cros  smaa 


ABSTRACT 


The  current  phase  of  the  project  is  directed  toward  assembling 
adequate  knowledge  to  permit  the  technical  and  economic  feasibility 
assessment  of  competing  process  approaches  which  are  expected  to 
optimally  fit  into  an  extremely  low  cost,  large  volume  process 
sequence  leading  to  high  efficiency  solar  arrays  (Fig.  1).  In  this 
endeavor,  one  of  the  approaches  investigated  in  the  silicon  reduction 
and  purification  area,  namely  the  upgraded  arc-furnace  process,  has 
both  a much  larger  background  of  available  information  and  appears 
technically  and  economically  exceedingly  attractive,  so  that  it  has 
now  reached  the  ntage  of  transition  from  preliminary  feasibility 
studies  to  advanced  experimentation,  with  significantly  larger  re- 
quirements for  equipment  and  funding. 

The  emphasis  has  continued  on  the  2 areas  of  Si  reduction  and 
purification  and  of  sheet  generation.  However,  the  work  has  recently 
been  concentrated  on  gaining  information  about  one  reduction  process 
combined  with  purification  (higher  purity  arc  furnace  with  gas  blow- 
ing and  gradient  freezing;  Dow-Corning)  transport  process  with 

.purification  and  polycrystal  sheet  growth  potential  (SiF2)^  on  plastic 
deformation  for  sheet  generation,  and  on  float  zone  sheet  recrystal- 
lization. 

The  previously  unexplored  Si  transport  properties  of  th^  ‘^^^2 
reaction  at  atmospheric  pressure  have  been  further  investigated.  It 
has  been  firmly  established  that  the  SiF^  gas  can  be  moved  without 
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decomposition  at  constant  temperature  both  above  1000®  C (see  clear 
zone  in  deposition  tube  shown  in  Fig.  4)  and  below  100®  C,  with  Si 
depostion  occuring  at  the  intermediate  temperatures.  Since  the  rate 
limiting  step  has  been  found  to  be  the  SiF^  formation  reaction^  which 
is  currently  carried  out  at  1150®C,  extrapolation  through  thermo- 
dynamic considerations  indicates  the  possibility  of  obtaining  increased 
transport  rates  (up  to  0.  75  g Si  per  of  gas  (STP)  moved  through  the 
system)  by  raising  the  reaction  temperature  above  the  Si  melting 
point.  Considerable  effort  was  spent  in  purifying  the  SiF^  gas  which 
was  found  to  contain  ^tnd  other  impurity  gases,  as  purchased.  This 
purification  eliminated  the  formation  of  fluorosilicate  byproducts 
which  have  been  depositing  in  the  piping  system,  but  did  not  otherwise 
significantly  affect  the  transport  reaction. 

Considerable  progress  was  made  in  the  exploration  of  the  high 
temperature  mechanical  properties  of  polycrystalline  Si,  with  the 
objective  of  assessing  the  feasibility  of  plastic  deformation,  such  as 
rolling.  Data  are  being  accumulated  to  generate  -'forming  limit  dia- 
grams" with  temperature  and  strain  rate  as  parameters.  Such  dia- 
grams have  been  recently  introduced  as  design  tools  in  metal  forming 
(Fig.  6).  The  experiments  carried  out  by  axial  compression  of  Si 
cylinders  at  temperatures  from  1250  to  1350®  C have  shown  that  the 
method  of  forming  limit  diagrams  is  also  applicable  to  silicon.  De- 
formations by  up  to  70%  at  strain  rates  up  to  1%/s  have  indicated  that 
plastic  deformation  of  Si  may  be  a suitable  forming  method  (Fig. 
Earlier  problems  with  the  anisotropic  crystal  structures  in  the 
"polyrods"  resulting  from  the  SiHCl^  purification  process  (Fig.  8) 
have  been  overcome  by  raising  temperature  and  strain.  Also,  cry- 
stallization has  been  observed  to  take  place,  including  grain  growch 
by  an  order  of  magnitude  (Figures  9 and  10). 

The  float  zone  recrystallization  equipment  to  be  used  for  the 
exploration  of  the  conversion  of  polycrystalline  sheet  to  single  crystal 
sheet  by,  heating  with  a planar  electron  beam  is  now  completed,  with 
experimentation  scheduled  to  begin  (Fig.  12). 
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The  investigation  of  solution  growth  processes  has  been 
tentatively  terminated  with  the  finding  that  the  known  solvents  for 
properties  which  do  not  appear  to  be  conducive  to  fast  growth  rates 
of  sheets  of  high  semiconductor  quality  (Fig.  14). 

In  preparation  for  the  ultimate  economic  analysis  of  competing 

processes,  a thorough  economic  evaluation,  with  evolution  forecast, 

of  the  Czochralski  process  as  a baseline  has  been  carried  out,  with 

the  result  that  the  primary  limiting  item  is  the  crucible  cost  due  to 

the  current  one  time  use.  Re-use  potential  may  lead  to  an  ultimate 

single  crystal  cost  near  $13.  -/m  without  cutting  or  device  process- 

2 

ing  costs,  in  lieu  of  approximately  $25.  -/m  with  one  time  use  of  the 
crucible.  This  assumes  the  availability  of  $4.  - /kg  polycrystal  Si 
(Fig.  15). 
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RESEARCH  AND  DEVELOPMENT  OF  LOW  COST  PROCESSES 
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FIGURE  2 
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FIGURE  3 
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FIGURE  5 
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BINARY  SOLUTION  GROWTH  OF  SILICON 
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ESTABLISH  OPTIMUM  BINARY  SYSTEM 


M.p.  i 600°C  M.p.  i 950°C  M.p.  1 950°C; 

LIQ.  SOL'Y,  1 5%  AT  M.P.  LIQ  SOL'Y.  HIGH  LIQ.  SOL'Y.  HIGH 


FIGURE  14 


ATTRIBUTE 

CURRENT 

DATA 

PROJECTED  DATA 

crystal  diameter, 

INCHES 

3 

4 

6 

8 

WAFER  THICKNESS, 
MM 

0.4 

0.24 

0.  20 

0.20 

KERF,  MM 

0.  28 

0.  16 

0.  12 

0.  12 

QUARTZ  CRUCIBLE 
COST,  $/KG 

19.19 

12.00 

12.00 

12.00 

REPLACEMENT 
PARTS,  $/KG 

11.96 

5.60 

3.60 

3.45 

CAPITAL  COSTS, 
$/KG 

9.81 

4.68 

3.00 

2.87 

ALL  OTHER  DIRECT 
COSTS,  $/KG 

6»  68 

3.  78 

1.  96 

1.43 

SILICON  AT  $4 /KG 

5.50 

3.  50 

5.  50 

5.50 

COST  OF  CYL.  SILI- 
CON, AFTER  20% 
G&A 

62.79 

36.77 

30.  17 

29.  20 

WAFER  COST, 
•$/m2 

113.65 

42.44 

25.64 

24.  82 

FIGURE  15.  CZOCHRALSKI  GROVTH  COST  SUMMARY 
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LOW  SUPPLIER  INVENTORIES  AND  LONG  DELIVERY  TIMES  C -.USE  DEUYS, 

SiF/|  AND  Si  purity 

SHORT  GRANT  . ODS  PREVENT  Ph.D.  THESIS  USE. 


t-H  oj 
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1.1.1  PRELIMINARY  EVALUATION  COMPLETED; 

•COMMERCIAL  M6-S1  PROCESS  SELECTED  FOR  UPGRADING 
•S1F2  POTENTIALLY  USEFUL  WITH  H6-S1  UPGRADING 

FOR  transport/purification 

•Al  reduction  of  S1O2  AND  SlO  REACTIONS 
POTENTIALLY  FEASIBLE  ROUTES 

1.2.1  S1F2  TRANSPORTABLE  AT  ATMOSPHERIC  PRESSURE 
W/O  DECOMPOSITION  ABOVE  1100°C  AND  BELOW 

lOOOC. 


1.2.2  SILICON  TRANSPORT  RATE  DETERMINED  BY  S1F2 
FORMATION  REACTION. 

1.2.4  MS-5^1  UPGRADED 

•USING  GAS  BLOWING 

• USING  UNIDIRECTIONAL  SOLIDIFICATION 
•10.7%  (AMO)  EFFICIENT  CELL  PRODUCED 

2.1.1  EQUIPMENT  FOR  MOLTEN  ZONE  RECRYSTALLIZATION 
COMPLETED, 

2.2.1  MATERIALS  FOR  BINARY  MELT  SOLUTION  GROWTH  TABULATED 
AND  GROUPED. 

2.2.2  SILICON  RUSTICALLY  DEFORMED  1 1250°C  UP  TO  70% 

AT  DEFORMATION  RATES  1 1%. 

2.3.1  STRAIN-ANNEALING  OBSERVED^  GRAIN  GROWTH  BY 
FACTOR  - 10  TO  1mm  DIA. 
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PLANNED  ACTIVITY-NEXT  6 MONTHS 


S1F2  Transport  Process: 

a)  complete  preliminary  investigation  of  transport 

PARAMETERS. 

INITIATE  STUDY  OF  REACTION  KINETICS. 

B)  evaluate  impurity  separation  CAPABILITIES. 

Experimental  study  of  floating  molten  zone  process 
IN  THIN  Si  sheets. 

Continue  characterization  of  high  temperature  mechanical 

PROPERTIES  OF  SILICON. 

Complete  at  least  one  forming  limit  diagram. 

Extend  process  evaluation  method  and  economic  analysis. 
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ABSTRACT 


Dow  Coming's  objective  is  to  detern  ine  tie  best  process  for  the  high- 
volunne  production  of  solar-grade  silicon  (SoG-5i)  at  less  than  $10/kg  within  the 
ERDA  milestone  of  having  a pilot  plant  avail ib*e  by  mid- 1980. 

The  overall  process  screening  approach  (Visual  Aid  Z)  which  began  with 
over  200  possible  reactions  leading  to  silicon  has  reduced  this  number  to  ten 
(V.A.3.)  which  still  fall  within  the  consti  atints  mentioned  above.  Two  of  these 
reactions  involve  the  direct  reduction  of  silica  o silicon  via  aluminum  or 
carbon^.  Seven  other  reactions  involve  the  us  of  various  reductants  to  convert 
silica  to  silicon  via  intermediate  silicor  mono>  :de.  The  tenth  reaction  uses 
recyclable  SiF4  to  transport  in  situ  produced  sTicon  via  intermediate  SiF^J 
this  is  currently  under  study  by  the  University  of  Pennsylvania. 

The  reactions  described  above,  in  addition  to  processes  involving 
silicates  and/or  electrolytic  techniques,  have  been  divided  into  two  broad 
categories  (V.A.4.):  (1)  metallurgicalgrade  silicon  (MG-Si)  process  upgrading, 
and  (2)  other  processes.  This  was  done  since  the  commercial  process  for 
producing  MG-Si  already  meets  the  high-vo!ume,  low-cost  guidelines  for 
SoG-Si'^=*'  and,  therefore,  has  a good  probabjlity  of  meeting  the  mid- 1980  pilot 
pl^  t milestone.  The  ’’other  processes:  ar.i  still  in  the  conceptualization  or 
research  stage* 

Upgrading  the  MG-Si  process  is  being  pursued  in  four  associated  areas  in 
order  to  improve  the  purity  of  the  normally  98^u  material  ' * . A.  5.)*  The  first 
two  work  areas  involve  purification  of  raw  materials  entering  the  process  in 
addition  to  upgrading  the  arc  furnace  itself.  These  areas  will  be  pursued, 
assuming  contract  extension.  Success  appears  very  favorable  based  upon 
suggestions  from  raw  materials  suppliers,  arc  furnace  manufacturers,  and 
MG-Si  producers  (B.A.9.). 

The  second  two  areas  of  process  upgrading  comprise  improving  the  purity 
of  the  silicon  after  it  leaves  the  arc  furnace  by  reactive  gas  Mowing  and  uni- 
directional freezing.  Since  both  methods  have  beei  shown  reduce  aluminum 
and  heavy  metal  impurities  by  one  to  two  orders-of-ma  ^'^vitude  (V.A.7.),  it  is 
planned  to  study  these  methods  in  conjunction  in  a sp  ially  designed  gradient 
furnace.  Neither  of  the  two  methods,  however,  significantly  reduce  the  levels 
of  boron  or  phosphorus  thereby  stressing  the  neen  for  initiating  efforts  in  the 
raw  material  and  arc  furnace  areas.  The  deliv  ery  time  for  an  experimental 
arc  furnace  results  in  this  item  being  on  the  critical  path  for  meeting  the  mid- 
1980  pilot  plant  milestone  (V.A.  14). 


This  is  today's  commercial,  submerged-electrode,  arc  furnace  process  for 
metallurgical-grade  silicon. 

One  furnace  can  generate  greater  than  i0,000  tons  per  year  of  MG-vSi  selling 
at  $1 /kg. 
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The  best  cell  produced  to  date  was  fabricated  from  MG-Si  that  had  been 
blown  with  an  02“Cl2  mixture,  unidirectionally  solidified,  and  6-float-zone 
passed  (to  determine  a base  boron  level  of  0.04  ohm-cm).  The  cell  showed  a 
10.7%  AMO  efficiency  with  Isc  ” ma/cm^  and  Vqc  “ 0.62  v (V.A.8.). 

In  the  ‘’oth-^^r  processes**  category,  the  use  of  silicates  as  a silicon 
source  and  of  electrolysis  as  a process  were  studied.  Silicates  were  deemed 
unfavorable  since  their  inherent  chemical  composition  involves  the  presence  of 
another  metallic  element  (V.  A.  11.).  The  best  electrolytic  process  uses  a 
1000®C  fused  salt  of  silica  in  cryolite.  Preliminary  analysis  of  this  process 
was  viewed  pessimistically  for  the  reasons  cited  in  V.  A.  10. 

A summary  of  key  results  appears  in  Visual  Aid  12. 

Summarized  future  plans  appear  in  Visual  Aid  15. 
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DOM  CORNING  OBJECTIVE 


To  Determine  The  Best  Process  For 
Producing  Silicon  For  Solar  Arrays 


• At  <$10/k6 

• At  High  Volume  Rates 

• Within  Erda  Milestones 


V .t\,  J 


REMAINING  PROCESSES 


No. 

Reactions 


1975  Raw  Mat'l. 
Cost  For  Reaction 
($Ag  Si) 


Reaction  Type 


2 


0.12  for  C 
0.97  for  A1 


C*  or  A1 

Si02 ► Si 


1 


0.12 

(SiF^  recycled) 


2C  SiF. 

SiO, ►Si  ►2SiF-  ►Si 

^ -SiF. 

4 


7 


0.12  min.  to 
2.06  max. 


Al  f Cf 
Si02 


or  Mg 

►SiO 


Al,  C,  H_  or  Mg 
►Si 


* Commercial  Arc  Furnace  Process 


DOW  CORN  I MG  COP. 


V.A.4. 


PROCESS  CATA60RIZATI0N 


• Upgrading  the  Metallurgical-Grade  Si  Process 

• A PROVEN  COMMERCIAL  PROCESS 

• Capable  of  meeting  milestones  sooner  than 
R&D  stage  processes 

• All  Si  compounds  from  reduction  of  quartzite 

• Current  MG-5  ts  $1/kg 

• Present  rates  >10/000  t/y  per  furnace 


• Other  Processes 

• SiO  generated  in  arc  furnace 

• S1F2  TO  transport  Si 

• Electrolytic 

• Silicates 


0 


DOW  .''G  : 


V.A.5 


UPGRADING  MG-SI  PROCESS 


AREAS  OF  WORK 
I.  RAW  MATERIALS 


I I . ARC  FURNACE 


III.  REACTIVE  GAS 

BLOWING  AND/OR 
SLAGGING 


IV.  UNIDIRECTIONAL 
SOLIDIFICATION 


IMPURITY 

STATUS 


B REMOVED? 

P + OTHERS  TO 
BE  TESTED. 


B,P,  + OTHERS 
TO  BE  TESTED. 


AL  6 HEAVY 
METALS  RE- 
MOVED. 


AL  6 HEAVY 
METALS  RE- 
MOVED. 


01 


DO'*/  cc"y.  '0  C''  ' 


UPGRADING  M6-SI  BY 
UNIDIRECTIONAL  SOLIDIFICATION 
(WORK  AREA  IV) 


Impurity  Levels 
(ppma) 


Impurity 

MG-Si 

CZO 

Seed 

CZO  50Z 
Point 

B 

39 

39 

44 

P 

37 

23 

21 

Al 

780 

<10 

60 

Cu 

< ^ 

< 4 

Fe 

910 

< 5 

140 

Heavy 

Metals* 

20-150 

< 6 

< 5-20 

Ti/  V/  Cr,  MN/  Ni 
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V.A.7. 


UPGRADING  MG-SI  BY 
REACTIVE  GAS  BLOWING 
(WORK  AREA  III) 


Best  Data  To  Date  Via  Emission  Spectroscopy 


Impurities  in  FIG-Si 
(ppma) 

Not 

Cl2 

^2 

Impurity 

Blown 

Blown 

Blown 

B 

39* 

38* 

36* 

P 

23 

21 

23 

Al 

1600 

83 

470 

Cu 

35 

4 

4 

Fe 

1600 

40 

40 

Heavy 

Metals+ 

50-100 

< 5 

5-40 

* ohm- CM  BY  FZ  evaluation 
+ Ti/  V,  CR/  Hn.  Ni 


rx)3 
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V.A.9. 


UPGRADING  POLY-SI  PROCESS 
(WORK  AREAS  I a II) 

I.  RAW  MATERIALS 

• Impurities  Flow  Through  Furnace 

•Quartzite  Can  Be  Upgraded  (B  < 1 ppma) 

• Carbon  Sources  Can  Be  Upgraded 

• Effect  Of  B From  Raw  Mat"l  Poly-Si  Documented 

II.  ARC  FURNACE 

•Upgrade  Liner,  Tap  Hole  Plu^'  Ladle,  Etc. 

• Needed  To 

• Test  Raw  Materials 

• Generate  SiO 

•Have  Visited  Manufacturers  of  Arc  Furnace  and  Poly-Si 


r • ■ 


V.A.IO. 


OTHER  PROCESSES 
• ELEpiROLYTIC  (BEST) 


S1O2  IN  NA^SiFg 

Electrolysis 

^ Arc 
Furnace 

Technology  Extent 

Experimental 

Commercial 

Production  Rate 
(Ks  Si /HR) 

0.1 

1000-2000 

Si  Purity 
(Wt.  %) 

99 

98 

Process  Eneroy 
(KMH/Ko  Si) 

34 

13 

Pessimistic  Due  To 

• ^ Orders-Of-Magnitude  Lower  Rate 

• Same  Purity  Level 

• Higher  Process  Energy 
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V.A.ll. 


OTHER  PROCESSES 


• SILICATES  (E.G.,  Al2Si2^7  = AL2O3  • 2S1O2) 

•Ruled  Out  Due  To  Inherent  Impurity  Content 
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V.A.12. 


SUMMARY  OF  KEY  RESULTS 


Ten  Processes  Remain  In  Running 

M6-S1  Upgrading  Furthest  Advanced  Commercially 
S1F2  By  University  of  Pennsylvania 
Al  Reduction  of  S1O2  Remains 
Rest  Involve  SiO 

M6“Si  Upgraded 

Using  Gas  Blowing 

Using  Unidirectional  Solidification 
10.7%  Efficient  Cell  Produced 

Criticality  Of  Experimental  Arc  Furnace  Identified 
Electrolysis  Processes  Viewed  Pessimistically 
Silicates  Ruled  Out 
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V.A.13. 


MAJOR  PROBLEMS 

TECHNICAL 

• Removal  Of  B <\nd  P 
COST 

• Capital  For  Experimental  Arc  Furnace 

• Manpower  To  Implement  All  Program  Phases 

SCHEDULE 

• Meeting  ERDA  Milestones 
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ACTION  REQUIRED  TO  flEET  PILOT  PLANT  MILESTONE  v.a.i.4. 
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V.A.15. 


SIX  mm  GOALS  under 

REQUESTED  CONTINUATION  OF  FUNDING 

PERIOD:  15  July  1975  - 14  January  1976 

COST:  $56^600  Original  Estimate 
$129^529  Current  Request 

MAJOR  GOALS  (Assumes  Interfacing  With  JPL  Program) : 

• MG-Si  Upgrading 

10/75  SUGGING  FEASIBILITY  DETERMINED 

10/75  Purchase  of  experimental  arc  furnace  initiated 

11/75  Feasibility  determined  of  combined  blowing/freezimg 

IN  GRADIENT  FURNACE 

12/75  Raw  materials  available  for  upgrading 

12/75  Puns  complete  for  external  arc  furnace  experiments 

• Silicon  Monoxide 

10/75  Process  potential  evaluated 
12/75  Experiments  initiated 

•Aluminum  Reduction  of  Quartzite 

7/75  Energy  analysis  performed  • 

9/75  Process  potential  evaluated 
12/75  Experiments  initiated 

• Energy  Analysis 

9/75  Complete  from  quartzite  to  cell 
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TEST  AND  DEMONSTRATION 


PHOTOVOLTAIC  TEST  AND  DEMONSTRATION 

PROJEOT 
FOR  THE 

NATIONAL  PHOTOVOTTAIC  CONVERSION  PROGRAM 


BY  JAMES  N.  DEYO 
NASA-LEWIS  RESEARCH  CENTER 
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PRESENTED  AT  THE  ERDA-NATIONAL  SOLAR  PHOTOVOTTAIC 
PROGRAM  REVIEW  MEETING  JULY  22-25,  1975 
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PHOTOVOLTAIC  TEST  AIID  DET®NSTRATION  PRO-JECT  FOR  THE 
NATIONAL  PHOTOVOLTAIC  COr<VERSION  PROGRAM 
by  James  N.  Deyo 

NASA-Lewis  Research  Center 
Cleveland,  Ohio 


Abstract 


As  part  ol‘  the  overall  effort  to  develop  v;ays  of  utilizing  solar  energy 
as  a national  energy*'  source,  the  Energy  Research  and  Development  Administra- 
tion (ERDA)  has  established  the  rational  Photovoltaic  Conversion  Program. 

The  overall  objective  of  this  program  is  to  develop  low-cost  reliable  photo- 
voltaic systems  suitable  for  a variety  of  terrestrial  applications,  and  to 
stimulate  the  creation  of  a viable  industrial  capability  to  provide  then. 

Tloe  program,  now  being  implemented,  is  composed  of  several  interrelated  yet 
separate  projects.  Each  px'oject  addresses  a major  segment  of  the  effort  re- 
quired to  achieve  the  program  objective. 


One  of  these  proiects,  recently  assigned  to  and  now  being  developed  by 
the  Lewis  Research  Center  of  NASA,  is  concerned  with  conducting  photovoltaic 
system  tests  and  demonstrations  covering  a wide  range  of  applications  having 
national  significance.  Experience  gained  through  this  project  will  be  usea 
to  evaluate  emerging  systems  technology,  provide  systems-related  guidance  to 
the  otl'^r  projects  of  the  progrpm,  and  develop  information  fcr  future  photo- 
voltaic progr^^ 


The  project  is  divided  into  three  basic  activities.  Objectives  of  the 
first  activity,  "Te*=ts  and  Model  System  Demonstrations”,  are  to  determine  the 
operating  characteristics  fcr  a variety  of  photovoltaic  conversion  systems 
and  subsystems  and  to  confirm  by  tests  and  demonstrations  that  these  systjT.s 
can  satisfy  potent ialDy  attractive  national  applications.  Solar  cell  raodiles 
for  this  activity  will  be  pro'^ided  by  the  IjOw  Cost  Silicon  Solar  Array  Project 
being  conducted  by  JPL  for  ErJA.  In  a similar  manner,  guidance  in  the  selec- 
tion of  application  categories  for  demonstration  will  be  provided  throu.nrh 
mission  and  impact  studies  concuicted  by  the  Systems  and  Application  Project 
of  the-national  progro:r..  The  basic  activity  the  project  is  con- 

cerned with  ^Device  Performs rif urT  Pio.ctnostics".  Objectives  here  are  ccn- 
cerned  v;ith  devisin-^  ar.'^  am  . ...  -n  '.ur  tne  methodology,  techniques,  and  cjuir- 

er.^nts  of  solar  cell  and  mod'ule  performance 
ristics.  Phis  activicy  will  therefore  prcvii: 


ment  to  make  standardizes  ..  _• 
and  performance-related  cn-ir:.- 
to  the  photcvolta.ic  ccirrroini" 
measurements  and  iniormiit ion  of 


' centralized  source  for  standardized  per- 
reference  an:^  diagnostic  nature . The 


basic  activity  of  the  pro.ject  ;;ill  address  the  endurance  of  solar  cell  Tnoi*:j'‘3 
and  arrays  and  the  mechanisms  aff-ctin;;  the  materials  of  ccnstructicr.  wnicn 
induce  performance  degradation  and  failure.  This  activity  will  be  carriei 
out  through  accelerated  and  real  tine  environmental  testing,  'under  conditions 
of  intended  use,  cT  solcr  cell  moJule  materials  of  construction  as  v;ell  as 
complete  modules.  laboratory  invest igations  of  methods  of  evaluating  encar- 
sulant  material  sin.  i-lity  and  dcgrc:ation  v/ill  be  undertaken.  Material  and 
module  samples  for  testing  v:ill  be  solicited  from  the  photOTOltaic  coirmurilty 
as  well  as  being  provided  by  the  other  projects  of  the  national  program. 
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Ciirrently  efforts  in  each  of  the  three  activity  areas  are  being  imple- 
mented through  initial  funding  provided  by  ERDA.  In  addition,  planning  is 
going  for.  .rd  to  more  fully  develop  the  basic  project  plans  outlined  to 
date  and  to  identify  new  tasks  which  must  be  initiated  through  ?Y  76  and 
later  ERDA  funding  to  maintain  the  project  schedule.  Charts  in  the  attached 
visual  aid  material  indicate  the  basic  project  plans  and  tentative  test  and 
demonstration  categories.  As  noted  earlier  in  the  systems  test  and  demonstr- 
tion  activity,  final  selection  of  application  categories  will  be  guided  by 
information  from  the  Systems  and  Application  Project  of  the  mtional progran. 
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TEST  & AAODEL  SYSTEM  DEMONSTRATION  CAlEGORIES- 


ERDA; 

0.1  - 1.0  kW  REMOTE  APPLICATIONS 
5 - 15  kW  RESIDENTIAL 

100  - 500  kW  LOAD  CENTERS 
1 - 3 MW  LOAD  CENTERS 

ERDA  / POD; 

1 - 3 kW  LOAD  CENTER 

3 - 12  kW  LOAD  CENTER 

12  - 60  kW  LOAD  CENTER 

LeRC  TEST  CAPABILITY: 

UP  TO  100  kW  P/V  SYSTEM  TEST  FACILITY 
5-15  kW  PROTOTYPE  RESIDENCE 
COMPONENT  & SUBSYSTEM  SUPPORT  TESTING 

PREFERENCE  CATEGORIES  FOR  PLANNING  PURPOSES 


CANDIDATES  FOR  REMOTE  APPLICATIOflS 
FY  76  & 77 


• U.S.  COAST  GUARD 

2nd  district  (WESTERN  RIVERS)  (50) 
1st  district  (ATUNTIC-M.E.)  m 
REEF  LIGHTS  (7) 

MAJOR  LIGHT  STATION  (1) 


• MOAA  - RAMOS  (40) 

• U.S.  GEOLOGICAL  SURV'EY 

RIVER  GAUGE  STATION  (100) 
LAMDSAT  PLATFORM  (20) 


• OTHER  POTENTIAL  CANDIDATES 

FAA  (REMOTE  NAVAIDS  - BEACONS) 

DOT  (HIGHWAY  AIDS-BARRIERS) 

USDA  - FOREST  SERVICE  (FIRE  fiON..  COfiM.) 
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PHOTOVOLTAIC  SYSTEM  TEST  FACILITY 
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EROA  - TEST  ANO  l'E<ViOIJ>  F RATI  ON  PROJtCT 
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DEVICE  PERFORMANCE  AND  DIAGNOSTICS 
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EROA  - TEST  AND  DEMONSTRATION  PROJECT 
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ENDURANCE  TESTING 
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ENDURANCE  TESTING 
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STATUS  OF  ERDA-DOD  APPLICATIONS 


Title  of  Project:  DOD  PHOTOVOLTAICS  DEMONSTRATION  STUDY 


Period  of  Contract:  7 July  - 2 August  1975 


Value  of  Contract:  $30,000 


AutiOr:  Donald  B.  Dinger 

Associate  Technical  Director  (R&D) 

US  Army  Mobility  .Equipment  Research  and 
Development  Center 


Principal  Investigators:  Richard  T.  Sale 

Edward  A.  Gillis 


Presented  on  23  July  1975  at 

NATIONAL  SOLAR  PHOTOVOLTAIC  PROGRAM 
REVIEW  MEETING 
Los  Angeles,  California 


The  Army  Mobility  Equipment  Research  and  Development  Center 
(USAMERDC)  is  presently  conducting  a one  month  DOD  Demonstration 
Study  sponsored  by  ERDA.  The  objective  of  this  study  effort  is 
to  produce  a den.onstration  program  which  will  define  the  role  of 
Solar  Terrestrial  Photovoltaic  (P/V)  systems  as  power  sources 
for  DOD  applications.  To  accomplish  this  goal,  numerous  potential 
demonstrations  of  DOD  applications  are  being  identified  and 
analyzed.  After  the  best  demonstration  projects  are  selected, 
the  P/V  power  source  requirements  and  an  implementation  plan  for 
each  demonstration  project  will  be  developed. 

USAMERDC  has  been  assigned  DOD  program  management  responsi- 
bility for  investigation  of  terrestrial  applications  of  solar 
P/V  devices.  This  assignment  includes  the  study  which  is  the 
subject  of  this  paper  as  well  as  conducting  the  demonstrations 
evolving  from  the  study.  In  addition,  USAI-IERDC  has  been  tasked 
to  estaolish  a Tri-Service  coordinating  mechanism  relative  to 
application  of  P/V  devices  and  has  been  funded: for  a study  to 
iden::ify  early  market  potential  for  P/V  devices  within  DOD. 

In  spite  of  limited  experience  in  Solar  P/V  devices,  USAMEPDC 
is  well  qualified  to  perform  the  P/V  activity  outlined  above. 

One  of  USAMERDC 's  primary  missions  is  R&D  in  Electric  Power 
Generation  and  Distribution.  Of  particular  significance  are 
major  R&D  activities  in  power  conditioning  and  energy  storage. 
Expertise  and  experience  in  these  technologies  will  be  most 
beneficial  in  establishing  requirements  for  P/V  power  sources. 

DOD  is  dedicated  to  conservation  of  energy  and  reduction  of 
dependence  on  hydrocarbon  fuel.  The  military  is  also  interested 
in  determining  applications  where  P/V  offers  a tactical  advantage. 
There  may  also  be  applications  which  prove  cost  effective,  such 
as  remote  locations  which  have  a high  logistics  burden  due  to 
resupply  of  fuel.  Characteristics  of  P/V  systems  which  make 
them  attractive  to  the  military  for  electri ' power  sources  include 
high  reliability,  low  maintenance,  unattended  operatio*^ , long 
life,  silent  operation  and  reduced  logistics. 

ERDA  is  committed  to  purchase  90  KW  of  P/V  power  systems 
which  will  be  supplied  to  DOD  for  demonstrations  to  provide  DOD 
with  a basis  for  future  military  utilization  of  P/V  devices. 

Two  3 KV:  systems  will  be  available  on  1 January  1976  for  installa- 
tion in  the  selected  demonstration  projects.  Two  12  KW  systems 
will  be  provided  on  1 April,  and  the  final  60  KW  system  will  be 
supplied  in  August  1976. 

USAMERDC 's  study  approach  is  t initially  identify  multiple 
DOD  applications,  analyze  their  p^wer  system  re.-uirements 
relative  to  use  of  P/V  units,  and  recommend  the  m.ost  promising 
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applications  to  DOD  and  ERDA  for  selection  of  the  demonstration 
projects.  A preliminary  systems  analysis  will  be  performed 
and  an  implementation  plan  will  be  developed  for  each  of  the 
selected  projects.  The  final  task  will  be  the  preparation  of 
a report  summarizing  results  of  the  study. 

The  first  two  weeks  of  the  study  were  primarily  devoted 
to  identifying  potential  applications  of  P/V  power  sources  and 
developing  evaluation  criteria.  Numerous  agencies  have  been 
contacted  and  there  has  been  ^ ood  response  at  all  levels; 
potential  applications  have  been  provided  by  all  the  Services. 
Candidate  demonstration  systems  and  locations  are  being  analyzed 
using  the  derived  evaluation  criteria.  Technical  data  regarding 
available  batteries  and  power  conditioning  devices  are  being 
accumulated.  The  most  promising  demonstration  candidates  in 
each  of  the  three  power  sizes  (3  KW,  12  KIV,  and  60  KW)  will  be 
submitted  by  25  July.  Following  selection  of  the  demonstration 
projects  the  systems  engineering,  systems  analysis,  and 
implementation  plan  for  each  project  will  be  initiated. 

The  evaluation  criteria  place  emphasis  on  military  market 
potential  and  military  advantages.  The  military  market  potential 
is  an  indicator  of  both  potential  energy  savings  and  production 
base  potential.  The  application  should  benefit  from  use  of  a 
P/V  power  source;  iJiere  should  be  an  improved  inission  capability. 

In  addition  to  the  above  primary  considerations , the  suitability 
of  P/V  to  integration  with  the  load  utilizing  available  storage 
and  power  conditioning  equipment  is  important.  Candidates  are 
also  being  evaluate  ''  to  determine  if  there  are  similar  applications 
in  the  civilian  sector  and  their  potential  for  an  impressive 
demonstration  which  can  readily  "sell"  the  advantages  of  utilizing 
P/V  in  military  applications. 

OSAMERDC's  projected  role  in  the  DOD  demonstration  prograim 
includes : 


a.  Assisting  in  development,  fabrication  and  assembly  of 
the  Photovoltaic  power  scarce. 

b.  Installatior  of  the  power  system  at  the  demonstration 
site  and  integration  of  it  with  the  load. 

c.  Operation  and  maintenance  of  each  demonstration  project. 

d.  Monitoring  system  performance  for  at  least  12  months  to 
determine  capability  of  P/V  source  provide  sufficient  power 
to  required  quality,  as  dictated  by  the  using  equipment. 

e.  Evaluation  of  the  P/V  power  system's  design  using 
recorded  data;  determine  if  there  is  adequate  or  surplus  storage 
and/or  array,  ecc. 
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DOD  PtIOTOVOLTAlCS  DEHONSTRATIOH  STUDY 
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ACTIVE  TECHNICS  AREAS 

• ENERGY  STORAGE 

- MAGNETIC 

- PNEUMATIC 

- BATTERY 

- FLYWHEEL 

- HYDROGEN 

• STORAGE  CONVERTERS 

- FUEL  CELL 

- ROTATING  ELECTRICAL  MACHINE 

- hlAT  engine 

• POWER  CONDITIONING 
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I1ILITARY  INTEREST  IN  PHOTOVOLTAICS 
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INCREASE  PRODUCTION  BASE  TO  ENHANCE  PRIVATE  SECTOR  USAGE  AND  INCREAS 
AVAILABILITY  OF  PETROLEUM  FOR  CRITICAL  MILITARY  APPLICATIONS 


SOLAR  ELECTRIC  POWER 


DOD  PROGRAM  MANAGEMENT  RESPONSIBILITY 

• MARKET  SURVEY 

• DEMONSTRATION 

• TRI-SERVICE  COORDINATION 
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DOD  DEMONSTRATION  PROGRAM  - 90KW 
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STUDY  APPROACH 
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STUDY  SCHEDULE 
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H.  SUBMIT  REPORT  SUMMARIZING  RESULTS 


STATUS 
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AGENCIES  CONTACTED 


DOD 

OFFIfE  ASSISTANT  SECRETARY  OF  DEFENSE  FOR  INSTATLLATIONS 

COORDINATORS  FOR  ENERGY  - ARMY,  NAVY,  AIR  FORCE 
FROJECT  MANAGER  - MOBILE  ELECTRIC  POWER 
DEFENSE  COMMUNICATIONS  AGENCY 
ARMY 

CL! ’S  OF  ENGINEERS 
HARRY  DIAMOND  LABORATORIES 
ELECTRONICS  COMMAND 
NIGHT  VISION  LABORATORY 
ARMY  SECURITY  AGENCY 

SHARPE  DEPOT 
HASSTER 

AVIATION  COMMAND 
MISSILE  COMMAND 
ARMAMENTS  COMMAND 
PICATINNY  ARSENAL 
FRANKFORD  ARSENAL 


AGENCIES  CONTACTED  (CONTINUED) 
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EVALUATION  CRITERIA 


• PRIMARY  IMPORTANCE 

• MILITARY  MARKET  POTENTIAL 

• MILITARY  ADVANTAGES 

• SECONDARY  IMPORTANCE 

• SUITABILITY  AS  A POWER  SOURCE 
RELATIVE  TO  LOAD  AND  DEPLOYMENT 

• OTHER  CONSIDERATIONS 

• SIMILAR  CIVILIAN  APPLICATIONS 

• IMPRESSIVE  DEMONSTRATION 


EXILES  OF  APPLICATIONS  SUBMITTED 


CATHODIC  PROTECTION 
NIGHT  VISION  DEVICES 
RADIOS 

INSTRUMENT  LANDING  SYSTEM 
WATER  WELL  PUMP 
WATER  PURIFICATION 

REMOTE  PxADAR  SITE 

HELOSHED.  MOBILE  COMMUNICATIONS  UNIT 
WAREHOUSE  (FORKLIFT  BATTERIES) 
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TERRESTRIAL  PHOTOVaTAIC  MEASUREMENTS  WORKSHOP  PROJECT 

FOR  THE 

NATIONAL  PHOTOVaTAIC  CONVERSION  PROGRAM 


BY  HENRY  W.  BRANDHORST,  JR. 
NASA-LEWIS  RESEARCH  CENTER 
CLEVELAND,  OHIO 


PRESENTED  AT  THE  ERDA-NATIONAL  SOLAR  PHOTOVaTAIC 
PROGRAM  REVIEW  MEETING  JULY  22-25,  1975 
LOS  ANGELES,  CALIFORNIA 
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mimi  OV  TERRESTRIAL  PiK)TOVOLTAiC  IffiASMREfKTO  WORKSIK)P 

by  ’ienry  W.  Branlhorst,  *^r. 

NASA-Lewis  Research  Center 
Cleveland,  Ohio 


Abstract 


A Terrestrial  PJiotovoltaic  I*ieasurcments  Workshop  was  held  at  the 
rlASA- Lewis  Research  Center,  I^rch  19-21,  1975*  ‘J'be  purpose  of  this 
meeting  (figure  1)  was  to  make  recoirmendations  on  measurement  methods 
and  the  terrestrial  solar  intensity  and  spectrum  to  be  used  by  investi- 
gators in  the  Solar  Photovoltaic  Energy  Conversion  Program. 

The  workshop  was  divided  into  three  ma.ior  areas,  each  v;ith  a chair- 
man, as  shown  in  figure  2,  Approximately  95  people  from  U5  different 
org'.nizations  (Federal  Government  , xmiversities . and  companies)  attended. 
About  25  papers  covering  these  tliree  areas  v/ere  presented.  The  proceediri^^^ 
of  this  meeting  will  be  available  shortly. 

Broad  agreement  was  obtained  on  an  ircerim  method  for  making  terres- 
trial solar  cell  measurements.  The  major  recommendations  of  the  vrorkshop 
are  shown  in  figxire  3*  These  recommendations  have  been  translated  into 
an  interim  test  procedure  to  be  used  by  all  photovoltaic  invest  xgators. 

The  session  chairmen  and  v/orkshop  coordinator  together  developed  this 
document  which  is  now  available  to  all  investigators. 

The  key  aspects  of  this  procedure  are  summarized  in  figures  H and  5. 
Figure  U shows  the  only  acceptable  measurement  techniques:  three  to  be 

used  with  natiiral  sunlignt  measurements,  and  one  with  artificial  light 
sources.  Pyranometers  or  pyrheliometers  are  to  be  used  in  a well-defined 
manner  and  are  not  to  be  used  with  artificial  li»  it  sources. 

The  ijse  of  standard  solar  cells  to  set  simulator  irradiance  levels  or 
to  monitor  solar  irradiance  in  outdoor  measurements  is  a proven,  reliable 
method  developed  in  the  space  program.  It  is  necessary  that  the  standard 
celLs  be  made  from  the  same  material  and  have  essentially  the  same  spectral 
response  as  the  test  cells.  Such  cells  must  either  be  supplied  by,  or 
traceable  to,  the  NASA- Lewis  Research  Center,  which  is  serving  the  ERDA 
as  the  national  testing  laboratory.  These  cells  should  become  available 
no  later  than  October  1975*  Figure  5 shows  the  recommended  stanJard  test 
conditions  and  definitions  to  oe  used  in  reporting  cell  performance  data. 
Figure  6 shows  the  Air  Mass  Tvro  spectral  distribution  to  be  \ised  for  all 
theoretical  calculations.  Integrated  intensity  for  this  curve  is  75 
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With  this  iKisis,  it  is  hoped  that  unifona  measurements  and  eulcuL?- 
tions  can  be  made  by  all  investigators.  Howe-zer,  these  recojmnendoci  pro- 
cedures are  interim  procedures.  It  is  planned  tiiat  another  workshop  be 
tffild  in  April  197&  so  that  new  results  can  be  p<'-sented  and  modiflc'dion 
made  to  these  interim  test  conditions  as  required. 

In  s'simary  (figui'e  7)>  a Terrestrial  Riotovoltaic  Measurements 
Workshop  was  held  in  tterch  1975-  Tlie  recommendations  of  this  workshop 
have  been  translated  into  an  Interim  terrestrial  solar  cell  test  pro- 
cedure to  be  used  by  all  investigators.  A second  workshop  is  planned 
in  April  I976  to  modify  this  interim  test  procedure  as  required. 
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TERRESTRIAL  PHOTOVOLTAIC  MEASUREMENTS  WORKSHOP 
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RECOMMENDATIONS  OF  THE  TERRESTRIAL  PHOTOVOLTAIC 
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CALIBRATED  SOLAR  CELLS,  AND  TO  SUPPORT  NECESSARY  R&D. 


Test  methods  tinterim 
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STANDARD  TEST  CONDITIONS  AND  DEFINITIONS 
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INVESTlGAnOK  OF  TERRESliltAL  PHOTOVOLTAIC 

POHER  SYSTBt  bITH  <"UilIGHT  COtlCEHTRATICH 

BY 

ARIZOIIA  STATE  UNIVERSITY 
Aim 

SPECTMAB,  IRC. 


ER9A  CONTRACT 
CONTRACT  PERIOD 

COKTRACT  AfflOKT 
SPECTROLAB  SUSCONTRACT 


E(U-l)-2590 

JANUARY  1,  1975 
TO  DECQBER  31,  1975 

1249,27<l 

$118,175 


PRINCIPAL  IIIVESTIGATDRi 


CHARLES  E.  BACKUS 
COUESE  OF  ENGINEERING 
SCIENCES 

ARIZONA  STATE  UNIVERSITY 
TEKTE,  AZ  85231 
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INVESTIGATION  OF  TERRESTRIAL  PHOTOVOLTAIC 
POWER  SYSTEI^  WITH  SUNLIGHT  CONCENTRATIO:: 

Arizona  State  University 
and 

Spectrolab,  Inc. 

This  Joint  program  was  started  January  15,  197^-  The  first  year  was  mostly 
analytical  effort  looking  at  the  component  and  system  characteristics 
expected  for  concentration  configurations.  Those  studies  residted  in 
the  concliisions  given  in  Table  I and  indicated  very  encouraging  prospects 
if  the  assumptions  made  could  be  verified.  The  program  beirg  pursued  in 
the  second  year  is  to  experimentctlly  verify  the  first  year *3  concliision. 

(See  Table  II). 

The  analytical  nciel  of  the  silicon  solar  cells  for  high  illuniination  is 
being  used  to  design  cells  for  different  concentration  factors.  Figure  1 
shows  that  a cell  design  using  one  centimeter  length  grid  fingers  'v=l  cm) 
can  be  made  that  would  an  efficiency  at  100  suns  that  is  905?  of  the 

efficiency  of  a typical  cell  at  one  sun.  This  may  require  about  30  lingers 
per  centimeter  and  thus  the  dei>osition  of  the  grid  should  be  achievable  with 
conventional  techniques.  These  residts  were  obtained  by  keeping  the  internal 
voltage  drop  constant  by  varying  the  internal  resistance.  The  decrease  in 
efficiency  comqs  from  the  greater  coverage  of  the  surface  with  grids  as  the 
concentration  increases.  Figure  2 shows  the  importance  of  base  material 
resistivity  on  cell  design  for  high  concen^ration. 

tne  of  the  important  parameters  indicated  on  the  first  year's  program  was 
the  dependence  of  the  system  cost  for  passively  cooled  arrays  on  the  thermal 
conductance  between  cell  and  ambient  air.  Therefore  a wind  tunnel  was  constructed 
(See  Figure  3)  to  measure  these  vedues  in  a controlled  environment. 
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Tab  .e  III  gives  the  description  of  the  heat  rejection  gecnetries  being 
investigated  in  this  tunnel.  Figures  U and  3 give  typical  results  for 
the  configurations  tested  to  date. 

Calculations  on  additional  concentration  configurations  are  continuing 
and  also  the  dependence  o.  their  characteristics  on  various  design  para- 
meters. As  a typical  example  Figure  6 shows  how  mirror  surface  inaccuracies 
affect  the  energy  distribution  incident  at  the  cells.  System  cost  studies 
are  continuing  as  shown  in  Figtires  I aii"  8. 

Four  concentrator  system  desi  beei  made  and  will  be  built  during 

the  next  six  months.  Thr - are: 

1)  A non-tracting  system  {u  .’tration  ratio  7.5)  See  Figure  9 

2)  A circular  Fresnel  system  (, concentration  ratio  l6)  See  Figure  10 

3)  A fixed  mirror  system  (concentration  ratio  UO)  See  Figinre  11 

h)  A 5 foot  diameter,  parabolic  reflector  system  with  concentration  ratios 
V5>  to  about  100  or  more. 
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PROPOSED  SECOND  YEAR  PROGRAM 


DURATION:  JANUARY  1.  1975  - DEr.,ffiER  31,  1975 

REQUESTED  FUNDING:  $249,274 

TEAM:  ARIZONA  STATE  UNIVERSITY  (PRIME) 

SPECTROLAB  DIVISION,  TEXTRON,  INC.  ($118,175  SUBCONTRACT) 

OBJECTIVE:  TO  VERIFY  THE  ENCOURAGING  ANALYTICAL  STUDIES  BY 
EXPERIMENTS 

PROPOSED  TASKS: 

IV  EXPERINiNTAL  DEVELOPIIENT  OF  CONCENTRATION  CELLS 

(GRID  CONTACTS,  INCREASE  VOLTAGE,  FABRICATE  ASSEIfflLIES) 

II.'  ‘THERftAL  ANALYSIS  AND  TESTING 

(WIND  DEPENDBICE  FOR  PASSIVE,  ACTU'E  COOLING  FOR  HIGH  CR  > 100) 

III.  CONCENTRATED  SOLAR  CELL  SYSTEM  TESTING 

(5  SYSTEMS  - FLA:  ARRAY  AND  CR  OF  ABOUT  3,  10,  40  AND  100) 

IV.  SYSTBi  PERFORMANCE  AND  COST  ANALYSIS 

(COMPLETE  COST  ANALYSIS  AND  ESTABLISH  CONFIDENCE  LEVEL) 
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NORMALIZED  EFFICIENCY 


Efficiency 


COIICEirrRATIOH 
FIGURE  1 


NORMALIZED  EFFICIENCY  t NO.  OF  FINGERS/Ci 
vs. 

CONCEilTRATION  LEVEL 
Fir.f:er  VMdth  = .009  cm 

riffv,"2d  Layer  Sheet  Resistance  = 50  0/square 
Ease  !!iterial  Resistivity  = 0.1  ohm-cm 
Ceil  7r.ickness  = .025  cm 

Sheet  Resistance  of  !'etaIization  = .OOU  Q/square 
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hormalized  ffticiebcy 


Bg  (OHM-CM) 

FIGURE  2 

NORMALIZED  EFFICIENCY  & HO.  OF  FIHGEIS/CM 
vs. 

MATERI/iL  BASE  RESISTIVITY 


Finger  V/idth  = .C09  cm 

Diffused  Layer  5 '.set  Resistance  * yO  ft/square 
Cell  Thickness  = .025  cn 

Sheet  Resistance  of  Metalisation  = .OOh  fi/square 
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FIGURE  3 

LOU  rPEED  WIND  TUNNEL  AND  TEST  MOUNT  FOR  MFASUREMENT  OF  COOLING  RATES 
FROM  FINKED  HEAT  SINKS  AS  A FUNCTION  OF  AIR  FLOW  SPEED  AND  DIRECTION 


THERMAL  CONVECTION  CONDUCTANCE 
(W/M2  ®C) 


FIGURE  U 


MEASURED  TI-Z " ^ CONKJCTAKCES  FOR  FRONT  SURFACE  OF  BASELINE  FLAT 
PLATE  .-f:  A FUNCTION  OF  AIR  FLOW  SPEED  AND  DIRECTION 


0*12345  6 789  10 


AIRFLOW  SPEED  (M/S) 
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THERMAL  CONVECTION  CONDUCTANCE 
(W/M2-*C) 


FIGURE  5 


:!EA3UPZ!:'  COirvT.CTIOH  COIIDUCTAUCHS  per  ITIIT  BAEE  #i'FA  eop,  stubby 

tPvkPezoi:;!.  i::;"I7udiijal  Fim.'SD  surface  as  a fuijctioii  of  air  flow  speed 

AI3  IIRECTIO;.'  (SEE  TABLE  III  FOP  DTI17I3I0NS) 


AIRFLOW  SPEED  (M/S) 
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T/JBLE'  III 

SUMMARY  OF  DIMENSIONS  OF  ALUMINUM  FINNED  PLATE  TEST  MODELS 
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FIGURE  7 

ZIICTPICAL  OUTPUT  COST  AVERAGED  OVER  A YEAR  IE  AIBOS.’ERQUE 
FO?.  AFFIXED  MIRROR  COHCEKTRATOR  WITH  AH  ASSUMED  COST  OF 
20*/^*^  FOR  THE  REFLECTOR  AND  A PACKIHG  FACT(»  OF  0.35. 
Silicon  SOLAR  CELLS,  PASSIVELY  COOLED  WERE  ASSUMED  WITH  THE 
TKiaiM  CORDUCTAHCES  OP  Kp«0.1,  0.2  and  0.3  AS  A PARAMETER. 
TEE  INCLUDED  AKGLE  FOR  THF  .1.RR0R  WAS  120®  WITH  A 15*  TILT 
AIw  A 15®  IHCLIHATION  USED. 
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EFFECTIVE  APERTURE  TO  CELL  AREA  RATIO 


FIGURE  8 

A COr-TAHISOK  OF  S.  AIU)  GaAs  SYSTEMS  FOR  VARIOUS  ASSUMED 
C:S1S  FOB  THE  CElis  IH  $/in  , PASSIVELY  COOLED,  K «0.U 

iGr/:r-®c,  reflectivity  of  0.85  and  cell  absorptivity  op 

0.5,  Si  CELLS  WERE  1555  EFFICIEHT  AT  25®C  GOING  LEIEAR  TO 
0 AT  270®C.  GaAs  WAS  20?  AT  25°C  GOING  TO  0 AT  UOO®C 
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PHOTOVOLTAIC  APPLICATIONS  OF 
COMPOUND  PARABOLIC  CONCENTRATOR  (CPC) 


Grant:  31-109-Eng-38 


Organization  Performing  Work:  Argonne  National 

Laboratory 

Period  of  Grant:  26  March  — 30  June 

Amount  of  Award:  $30^000 

Principal  Investigator:  Roland  Winston 
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COMPOUND  PARABOLIC  CONCENTRATOR 
CPC 


\ TOTAL  ACCEPTANCE 


REPORTS 

A.  RABL,  "Optical  and  Thermal  Properties  of  Compound  Parabolic 
Concentrators"/  Argonne  Report  SOL  75-01 

A.  RABL/  "Comparison  of  Solar  Concentrators"/  Argonne  Report  SOL  75-02. 

* 

. A.  RABL/  ET  al./  "Report  on  Concentrating  Put  Pute  Compound 
Parabolic  Collectors  . 

R.  6IU6LER/  ET  AL,/  "XIO  Compound  Parabolic  Concentrators"/ 

ALSO  Progress  Reports  NSF/RANN/SE-AER-7tl-01C65/PR/74/A 
AND  75-01065/PR/75/1. 
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OVERALL  OBJECTIVE  OF  PROJECT 
Determine  suitability  of  CPC  for  photovoltaic 

APPLICATIONS^  IN  PARTICUUR 

Investigate  technical  problems 
(cooling^  grid  spacing^  etc.) 

Optimize  concentrator  design. 

Calculate  system  cost. 
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TASKS  PERFORMED  BY  MOBIL  TYCO 


1.  Determination  of  the  performance  characteristics  of  state- 
of-the-art  (i.E.i  CZOCHRALSKI  N ON  P)  SILICON  SOLAR  CELLS 
AS  A FUNCTION  OF  CONCENTRATION  RATIO  (UP  TO  10  TIMES)  AND 
TEMPERATURE  (20  - 100*0. 

2.  Maximization  of  solar  cell  performance  under  concentration 
AND  AT  elevated  TEMPERATURES^  INCLUDING  ELECTRODE  GRID 
DESIGN,  JUNCTION  DEPTH,  AND  ANT I REFLECT I ON  COATING. 

3.  Analysis  of  CPC/solar  cell  performance  as  a function  of 

CONCENTRATION  RATIO  AND  DEGREE  OF  TRUNCATION  (AND  HENCE 
OF  ACCEPTANCE  ANGLE),  INCLUDING  DETERMINATION  OF  THE  ENERGY 
DISTRIBUTION  ON  THE  CELL  TO  PROVIDE  DESIGN  GUIDANCE  FOR 
THE  LOCATION  OF  THE  GRID  STRUCTURE. 

A.  Analysis  of  the  cost  effectiveness  of  the  CPC/silicon  solar 

CELL  SYSTEM, 
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5 10 

CONCENTRATION 


Power  output  versus  concentration  for  20®  and  78  ®C.  The  average 
decrease  in  efficiency  was  G.4%/®C.  Tlie  AR  coating  was  1200  A 
and  the  junction  depth  was  0.25  pm. 


(measured  with  20  mirror  hEUOSTAT) 
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Efficiency  of  8X  CPC  and  Si  photocell  combination 


WAS  MEASURED. 

(aluminum  with  reflectivity  85%,  ACTUAL  CONCENTRATION 
« 6,  FOR  MECHANICAL  REASONS) 

Measured  output:  5X 

Temperature  dependence  of  Efficiency 

- 0.5%  PER  ®C  (theor.) 

- 0.4%  PER  ®C  (exp.) 
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Temperature  of  a silicon  solar  cell  as  a function  of  concentration  for 
different  typ®s  of  cooling.  K « 0.005  W/cm2/®C  corresponds  to  a 
flat  strip,  0.03  a finned  heat  sink  In  a slight  breeze,  0.2  cooling  by  a 
circulating  liquid,  and  0.01  to  some  intermediate  cooling,.  The  ambient 
tr  nperature  v/as  25  C. 


Fig.  39,  The  collectcr  area  per  unit  lengths  divided  by  the  aperture  per 
unit  length  a function  of  concentration  for  a CPC.  Acceptance 
angles  between  2.5  and  30”  were  used. 


2P 


The  cost  In  of  a CPC  system  versus  concentration. 

is  the  ratio  of  reflector  costs  per  unit  area  to  Si 
solar  cell  costs.  An  acceptance  angle  of  10**  and 
B 0.003  W/cm^  ® C were  used. 


2im 


389 


KEY  RESULTS  OF  mil  TYCO 


1.  Silicon  solar  cells  can  readily  be  designed  to  increase 
IN  efficiency  with  concentration  up  to  10  suns.  Simple 

IMPROVEMENTS  IN  GRID  STRUCTURE  PERMIT  THE  ATTAINMENT  OF  THE 

requisite  value  of  series  resistance. 

2.  The  specific  cell  parameters  required  to  achieve  enhanced 

EFFICIENCY  WITH  INCREASING  CONCENTRATION  HAVE  BEEN  DEFINED^ 
AND  THESE  ARE  READILY  ATTAINABLE  WITH  MINIMUM  MODIFICATION  OF 
STANDARD  SOLAR  CELL  FABRICATION  TECHNIQUES. 

3.  Ray  tracing  computer  program  has  been  developed  to  determine 
ENERGY  distribution  AT  EXIT  OF  CPC. 

4.  The  cost  of  a CPC/solar  cell  system  was  determined  as  a 

FUNCTION  OF  CONCENTRATION  RATIO.  ToTAL  COST  OF  A CPC/SOLAR 
CELL  SYSTEM  WILL  BE  BETWEEN  AND  5 TIMES  LOWER  THAN  FOR 
FLAT  PLATE  SILICON  CELL  ARRAYS. 
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THE  STATEFENT  OF  WORK  FOR  SPECTROLAB 

Evaluate  for  photovoltaic  applications  the  use  of  the 

CPC  DESIGN  AS  A FIELD  COLLECTOR  — IN  CONJUNCTION  WITH 
.1  PRIMARY  FOCUSING  CONCENTRATOR.  ThE  PRIMARY  FOCUSING 
CONCENTRATOR  MAY  BE  A PARABOLIC  REFLECTOR^  AN  ARRAY  OF 

Fresnel  mirrors,  a Fresnel  lens  or  some  other  type. 
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S1K6LE  CPC  vs.  TWO  COMPONENT  SYSTEMS 


Two  COMPONENT  SYSTEM  ACHIEVES  ABOUT  90%  OF  Cjug^^. 

Very  favorable  reflector/aperture  ratio, 

PREFERABLE  FOR  C ^ 10 

(with  off  axis  design  may  be  preferable  for  C ^ 6) 


292 


Parabolic  Trough  with  rim  angle  0 * 65%  acceptance  half  angle  « * 2.5% 
Highly  nonuniform  flux  distribution  at  absorber 

P /P  « 15 

•^MAX'  “^AVERAGE 

(Similar  conclusions  for  other  single  stage  concentrators.) 
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CPC  APPLICATION  PROJECT 
RESULTS  OF  PHOTOVOLTAIC  APPLICATION  STUDY 

■ CPC  AS  FiaO  COLLECTOR  IN  HYBRID  SYSTEM 
( SPECTROUE  ; ASU  ) 

CONCLUSION  OF  STUDY 

TVKO- ELEMENT  DESIGN  IS  SUBSTANTIALLY  BETTER  THAN 
ANY  SINGLE  aEMENT  DESIGN  STUDIED,  FOR  USE  WITH 
PHOTOVOLTAIC  CELLS  BECAUSE  : 

a.  ADDITIONAL  CONCENTRATION  OF~2 . 5 POSSIBLE 

b.  FLUX  DISTRIBUTION  IS  SMOOTHED  OUT 

I PEAK /AVERAGE  INTENSITY  = xl5  FOR  PARABOLIC 
TROUGH,  = 1.  2 FOR  HYBRID  SYSTEM  ) 

C CPC  CAN  BE  DESIGNED  TO  REJECT  HEAT.  HENCE  DOES 
NOT  ADD  TO  OVERALL  COST  OF  SINGLE  aEMENT  SYSTEM 
RECOMMENDATION  : 

FURTHER  STUDY  LEADING  TO  DESIGN  OF 
CONCENTRATOR  SYSTEMS  OPTIMIZED  FOR  SPE- 
CIFIC APPLICATIONS  AND  FABRICATION  AND 
TEST  OF  PROTOTYPES 


CPC  APPLICATION  PROJECT 
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* N76  12483 

INTEGRATED  PHOTOVOLTAIC-THERMAL  SOLAR 
ENERGY  CONVERSION  SYSTEMS 

George  A.  Samara 

Sandia  Laboratories,  Albuquerque,  New  Mexico  87L„5 
(internally  Funded) 

Principal  Investigators:  D.  G.  Schueler 

R.  P,  Stromberg 

Person  in  Charge:  G.  A,  Samara 

presented  at 

National  Solar  Photovoltaic  Pi  •,'«m  Review  Meeting 
July  22-25  (1975)  Los  Angeles,  California 
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ABSmCT 


One  potential  solution  to  the  economic  viability  of  solar  energy  is  the 
application  of  total  energy  ctmcepts  to  solar  energy  conversion  systoos.  The 
total  energy  concept  envisicais  pi*oviding  a major  - fraction  of  the  enersr  require- 
ments of  residential  and  light  comierciai  buildings  from  solar  energy.  Specifically, 
electricity,  air  cooditioning, . space  heating  aM  hot  water  would  be  provided. 

The  overall  objective  of  this  Sandia  program  is  (i)  to  demonstrate  the  feasi- 
bility of  a combined  photovoltaic-thermal  solar  total  energy  system,  and  (ii)  to 
develop  the  hardware  which  can  provide  the  prefer  ratio  of  electrical  and  thermal 
energy  for  residential  and  coraaercial  applications  at  a cost  competitive  with 
alternate  energy  sources. 

The  approach  adopted  is  based  on  solar  c<»ic^tretion  (initially  40-^  suns). 
S-.inl-ight.  is  concoitrated  on  photovoltaic  cell:'  (currently  single  crystal  silicon) 
which  absorb  the  li^t  and  ccuivert  sob»  of  the  solar  energy  into  electricity. 

The  remainder  of  the  absorbed  energy,  which  is  converted  into  heat  in  the  cell, 
is  extracted  as  useful  thersmil  energy  by  & circulating  fluid.  Since  we  find 
that  the  dollar  -values  of  the  electrical  and  thermal  energies  produced  by  the 
combined  system  are  nearly  equivalent  for  the  applications  envisioned  here,  the 
cost-effectiveness  of  the  ccanbined  collector  system  is  essentially  doubled  ccho- 
pared  to  photovoltaic  concentration  systems  which  do  not  maice  use  of  the  excess 
heat. 

The  program  consists  of  four  closely  coordinated  tasks:  (l)  Systems  Analysis, 

(2)  Silicon  Cell  Development  for  High  lUumiimition,  High  Tempemture  Operation, 

(3)  Development  of  the  Ccanbined  Photovoltaic-Them»l  Collector,  and  (U)  Systems 
Demonstrations.  Work  on  the  first  three  tasks  is  well  under  way.  The  basic  plan 
for  the  program  is  to  build  on  existing  broad  technology  bases  and  to  concentrate 
on  developing  an  overall  technical  and  econcmic  view  of  the  combined  total  energy 
systems.  In  the  early  phases  of  this  program  we  have  enphasized  modeling  and 
conputer  simulai;ion  of  both  solar  cell  and  overall  system  configuration  and  per- 
formance, in  pai-allel  efforts  which  seek  to  define  critical  or  important  design 
parame^  s . 

The  successful  utilizaticxi  of  solar  energy  depends  on  achieving  the  proper 
balance  between  (i)  the  solar  input  power,  (ii)  the  power  load  to  the  system, 

(iii)  the  energy  storage  requirements,  and  (iv)  the  available  conventional  power 
sources.  In  addition,  since  both  solar  input  powe-  and  load  power  requirements 
are  time  varying  functions,  dynamic  systems  modeling  techni'”:®’  r.eec  .’d  to 
determine  the  optimal  system  configuration  and  enerr/  st>  ,y  necessary 

to  support  load  denmnds  for  all  available  time  hicto.  wer  and  load 
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data  for  any  given  application.  Towards  this  end  Sandia  has  developed  a large 
solar  energy  systems  computer  analysis  code  (SOLSYS).  We  are  employing  this 
code  to  assess  the  technical  and  economic  feasibility  of  the  combined  ..ystem 
relative  to  various  utilization  scenarios.  Initial  studies  tove  dealt  with 
configuring  individual  residences  using  Albuquerque  solar  and  load  data. 

The  SiliccMQ  Cell  Development  task  has  emphasized  the  redesign  of  the  cell 
to  yield  hi^  efficiency  at  the  operating  conditions  of  the  combined  system 
(4o-50  suns  and  temperatures  to  ~ 100"C) . A Sandia-developed  numerical  semicon- 
ductor device  analysis  code  which  yields  one-dimensional  numerical  solutions 
of  the  carrier  transport  equations  throughout  the  thickness  of  the  cell  is 
being  used  and  has  proved  to  be  an  indispensable  aid  towards  achieving  the 
desired  goal.  AnfOyses  have  been  carried  out  on  a number  of  cell  designs  at 
solar  intensities  ranging  from  1 to  l4o  suns  and  temperatures  from  2?  to  200®C. 

A design  has  been  selected  and  is  being  experimentally  tested  which  yields  12^ 
conversion  efficiency  at  50  suns  and  100 "C.  The  modifications  needed,  in  com- 
parison with  the  conventional  cell,  include  lowering  the  substrate  resistivity 

by  an  order  of  magnitude  to  ~ 0.3  0-cm,  reducing  the  junction  depth  from  0.5 

20 

to  0.2  |im,  decreasing  the  diffused  surface  layer  concentration  to  ~ 1x10  cm  , 
and  optimizing  the  top  surface  metallization.  Experimental  results  on  Sandia- 
built  modified  cells  have  thus  far  given  excellent  confirmtion  of  the  code 
results , 

A combined  photovoltaic- thermal  collector  has  been  built  and  is  now  being 
tested.  Initial  tests  have  concentrated  on  evaluating  the  tterm»l  efficiency 
of  the  collector  before  and  after  the  silicon  cells  are  mounted.  With  likely 
iaprovements  in  bondi.ig  between  cells  and  receiver  and  in  the  absorptivity  of 
the  cells,  thermal  efficiencies  > 503^  can  be  ejq)ected  for  the  ccanbined  receiver 
operating  at  100“C. 

Since  we  are  still  in  the  early  stages  of  this  program  it  is  expected  that 
the  analytical  and  experimental  work  under  the  various  tasks  will  continue  for 
the  near  future.  The  systems  analysis  will  be  expanded  to  include  other  cities 
and  other  loads;  the  modified  cell  work  will  enphasize  optimizing  the  top- 
surface  metallization;  and  the  combined  collector  work  will  concentrate  on 
optimizing  both  electrical  and  thermal  efficiencies  and  gaining  operational 
ex>erience  under  field  conditions.  Flans  for  a complete  integrated  system 
development  model  will  be  f emulated. 

The  attached  figures  elaborate  on  and  further  illustrate  certain  aspects 
and  accomplishments  of  the  program. 
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PROGRAM  TASKS: 
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SOLAR  ENERGY  SYSTEMS  COMPARISON 


FIGURE  1 (top)  A solar  energy  system  using  solar-thexmal  conversion 
aiui  tbexml  cascading. 

(bottom)  A solar  ei^rgy  system  using  combined  photovoltaic  and 
thermal  conversicm. 


SOLAR  COLUCTOR 


FIGURE  2.  An  integrated 
photovoltaic* 
thermal  solar 
concentrating 
collector. 


ORIGlMAi;  PAGE  IB 
OF  POOR  QDALETSt 
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Calculated  Performances  of  Conventional  and  Optimized  Solar  Cells  at  T • 100 
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Fig.  3 
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SUMIVIARY 


• Sandia's  Solar  Energy  Systems  Computer  Analysis  Code  (SOLSYS) 
is  Being  Utilized  to  Assess  the  Technical  and  Economic  Feasibility 
of  Combined  Photovoltaic  Systems  Relative  to  Various  Utilization 
Scenarios. 

• Combined  Systems  Using  Concentrators  and  High  Efficiency  ( > 10%) 
Silicon  Ceils  can  Provide  Residences  (or  Communities)  with  a 
Reasonable  Balance  of  Electrical  and  Thermal  Ene  rgy. 

• The  Device  Analysis  Code  has  been  Used  to  Redesign  the  Silicon 
Ceil  for  High  Temperature,  High  Illumination  Operation. 

• A Design  Yielding  12%  Efficiency  at  50  Suns  and  iOO^’C  has  been 
Selected. 

• Modified  Cells  have  been  Fabricated  and  Tested.  Results  have 
Confirmed  Code  Predictions. 

• A Combined  Collector  has  been  Built  and  is  being  Tested. 

Thermal  Efficiencies  > 30%  at  50  Suns  and  lOO^’C  can  be 
expected. 
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SESSION  V 


POLYCRYSTALLINE  SILIC(»i  CELLS 


PAOB  WAMK  MM.  MMiny. 
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N76  12484 


DEVELOPME34T  OF  LOW  COST  THIN  FILM  POLYCRYSTALLINE  SILICON 
■OlAR  CELLS  FOR  TERRESTRIAL  APPLICATIONS 

NSF  Grant  AER  73-07843 
(GI-38981) 

Period  of  Grant 

June  1,  1973  - November  30,  1976 

Value  of  Grant;  $449,000 

Ting  L.  Chu,  Southern  Methodist  University 
Principal  Investigator 

Presented  at  the  National  Photovoltaic  Program  Review  Meeting 

July  22-25,  1975 
Los  Angeles,  California 
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I.  Oblective 

Tl e objective  of  this  grant  is  to  develop  low-cobt  thin  film  poly- 
crystalllne  silicon  solar  cells  for  terrestrial  utilisation.  The  technical 
approaches  consist  of  (1)  the  deposition,  characterization,  and  optimization  of 
silicon  p-n  junction  structures  op  graphite  and  metallurgxcal  slllcor  substrates, 

(2)  the  purification  of  metallurgical  silicon,  (3)  Che  fabrication  and  characteri- 
sation of  solar  cells  from  purified  metallurgical  silicon,  and  (4)  the  fabrlca- 

2 

tion  and  characterization  of  large  :rea  cells,  30  cm  or  larger  in  area. 

II.  Past  Activity 

During  1974,  major  efforts  were  directed  to  (1)  the  deposition  and 
characterization  of  silicon  on  graphite  and  metallurgical  silicon  substrates  by 
the  thermal  reduction  of  trlchlorosilane,  and  (2)  Che  fabrication  and  evaluation 
of  silicon  solar  cells  on  these  substrates.  The  microstructure  of  silicon 
deposited  on  graphite  substrates  by  the  trlchlorosilane  process  was  optimized, 
and  the  average  size  of  crystallites  was  20-30  pm.  Using  appropriate  dop.ints 
during  the  deposition  process,  many  solar  cexls  of  the  configuration  n'*^~silic?n/ 
p-silicon/ graphite  were  fabrlcat'-i,  and  their  AMO  efficiencies  were  limited  to 
about  1.5%.  The  grain  size  of  vapor  deposited  silicon  on  graphite  substrates 
was  improved  by  rapid  melting  and  solidification,  and  silicon  p-n  junction 
solar  cells  with  AMO  efficiencies  (no  anti-reflectvon  coating)  up  to  2%  were 
produced. 

Metallurgical  silicon  plates  were  prepared  by  unidirectional  solidification 
of  the  melt  in  a boron  nitride  container  and  were  used  as  substrates  for  the 
deposition  of  silicon  by  the  trlchlorosilane  proce«'s,  Silicon  deposited  on 
metallurgical  silicon  plates  by  the  trlchlorosilane  process  was  found  to  be 
epitaxial  with  respect  to  the  substrate.  Many  solar  cells  of  the  configuration 
n'*‘-8illcon/p-8llicon/metallurglcal  silicon  were  prepared,  and  their  AMO  efficiencies 
(no  anti 'reflection  coating)  were  up  to  2.6%. 
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III.  Current  Effort 


The  recent  uork  has  been  directed  to  (1)  the  iffiprovenMot  in  the  structural  pro- 
perties of  silicon  on  graphite  substrates,  (2)  the  optimisation  of  solar  cell  charac- 
teristics on  graphite  and  metallurgical  silicon  substrates,  and  (3)  the  purification 
of  metillurgical  silicon.  A sone-melting  technique  has  been  developed  for  the  re- 
crystallization of  silicon  on  graphite  substrates,  and  the  microstructure  of  silicon 
was  improved  considetably.  Silicon  p-n  junction  solar  cells  on  graphite  substrates 
with  AND  efficiencies  up  to  2.5Z  have  been  produced.  The  conversim  efficiency  of 

JU. 

n'-si Licon/p-siiicon/metallurgical  silicon  solar  cells  appears  to  be  limited  by  the 
grain  boundaries  in  the  p-layer.  This  grain  boundary  effect  has  been  reduced  by 
increasing  the  dopant  concentration  in  the  p-^layer,  and  the  AMO  efficiency  of  n^-silicon/ 
p^-:.i  I icon/metallurgical  silicon  solar  cells  was  up  to  3.SZ. 

The  purification  of  metallurgical  silicon  by  chemical  treatment  of  the  melt 
and  the  floating-zone  technique  has  been  carried  out.  The  treatment  of  molten 
metallurgical  silicon  with  chlorine,  chlorine-oxygen  mixture,  etc.,  was  found  to 
be  effective  in  reducing  the  concentration  of  most  metallic  impurities,  except 
iron.  The  floating  z >ne  technique  was  found  to  be  effective  in  reducing  the  concen- 
tration of  most  im  urities,  except  boron.  In  metallurgical  silicon.  Solar  cells  with 
AMO  efficiencies  higher  than  4Z  have  been  produced  from  two  zone-pass  material. 

IV.  Future  Plans 

Future  work  will  be  directed  toward  the  improvement  of  conversion  efficiencies 
of  solar  cells  on  graphite  and  metallurgical  silicon  substrates,  including  (1)  the 
refinement  of  the  zonenneltinr:  technique  for  the  recrystallization  of  silicon  on 
graphite  substrates,  (2)  the  purification  and  characterization  of  metallurgical 
silicon,  and  (3)  the  optimization  of  the  thickness  and  resistivity  of  the  silicon  layer. 

V.  Key  Results  to  Date 

The  AMO  efficiencies  (no  anti-reflection  coating)  obtained  to  date  are  2.5Z  for 
solar  cells  deposited  on  graphite  substrates,  3.5Z  for  solar  ceils  deposited  on  metal- 
lurgico.1.  silicon  substrates,  and  4.5Z  for  solar  cells  fabricate  from  purified 
metallurgical  silicon.  312 
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POLYCRYSTALLINE  SILICON  SOLAR  CELLS 
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Silicon  p-n  junction  solar  ceils  on  metallurgical  silicon  with  AMO  efficiencies 
up  to  2. 6%  have  been  produced  by  the  trichlorosllane  process. 
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POLYCRYSTAUINE  SILICON  SOtAR  CELLS  - PROGRESS  TO  DATE 
DEPOSITION  OF  SILICON  ON  CARBON-COATED  GRAPHITE 
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POLYCRYSTAUINl  silicon  solar  cells  - PROGRESS  TO  DATE 
PURIFICATION  OF  METAUURGICAL SILICON 
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The  objective  of  this  program  is  the  development  of  a low 
temperature,  low-cost  process  to  combine  a wide  band  gap 
top  surface  material  with  silicon  to  form  a heteroj unction  solar 
cell.  The  top  material,  in  addition  to  forming  a junction, 
provides  an  optically  transparent  window,  low  resistance  contact, 
and  an  optical  match  for  low  reflectivity.  The  requirements  for 
an  overall  low-cost  array  require,  in  addition  to  a low-cost 
process,  a low  cost  substrate  material  such  as  polycrystalline 
silicon. 

Progress  during  this  six  month  period  is  best  indicated  by  the 
achievement  of  an  increase  in  efficiency  on  polycrystal  silicon 
from  an  initial  2%  to  over  7%  (as  measured  both  at  INNOTECH  and 
NASA-Lewis  facilities).  The  cells  were  produced  in  the  2 cm  by 
2 cm  and  1 cm  by  1cm  size,  with  top-side  grid  metallization. 

The  polycrystalline  silicon  has  crystal  grains  varying  from  5ym 
to  Smm.  The  junction  is  an  n+/n  heteroj unction  between  an  Sn02- 
based  glass  and  the  polycrystalline  silicon.  Voltages  of  up 
to  475mV  were  measured  under  open  circuit  conditions. 

For  single  crystal  substrates,  efficiencies  ver>  close  to  10% 
were  measured.  These  cells  had  the  same  structure  as  the 
polycrystalline  cells  describ#»d  above.  Open-circuit  voltages 
as  high  as  529mV  were  measured. 

Short-circuit  current  density  for  single  crystal  proaches 
30mA/cm2  for  the  polycrystalline  units;  the  shore-circuit 
is  about  90%  of  the  short-current  measured  for  the  single  crystal 
units.  We  believe  this  demonstrates  the  potential  of  solar  cells 
using  polycrystalline  materials  to  achieve  90%  of  the  efficiency 
of  a non-textured  single-crystal  solar  cell. 

The  cells  are  n+-type  Sn02  based  glass  on  an  n-type  silicon 
forming  an  n+/n  junction.  Theoretical  investigation  of  the 
current  generation  model  and  barrier  layer  model  is  underway. 

The  built-in  voltage  and  the  resulting  open-circuit  voltage  is 
process  dependent. 

Work  on  p+/n  heteroj unction  using  In^Og-based  glass  resulted  in 
cells  of  3%  efficiency  on  polycry stalllne  material  and  4%  efficiency 
on  single  crystal  material.  Values  of  337  mV  were  achieved  for 
open-circuit  voltage.  This  low  voltage  is  the  main  limit  for 
high  efficiencies. 

Work  on  other  glass/ silicon  systems  did  not  show  appreciable 
promise.  Cells  with  fine  grain  polycrystalline  material  had  lower 
photocurrent  than  the  polycrystalline  material  reported  on  above. 
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As  the  munber  of  grain  boundaries  increases > further  losses  in 
current  must  be  tolerated.  The  experiments  were  limited  and 
information  as  to  reduction  due  to  reduction  of  effective 
lifetime  with  fine  grain  sizes  could  not  be  determined. 

Initial  work  on  spray  coating  of  glass  on  silicon  substrates 
showed  very  promising  results.  We  believe  this  method  can  lead 
to  a vacuum-free  process. 

The  contract  work  for  the  next  year  will  be  focused  towards 
achieving  10%  efficiency  on  polycrystalline  materials  and  14% 
efficiency  on  single  crystal  cells.  Further  understanding  of 
the  n+/n  glass-Si  he tero junction  will  be  a prime  effort.  We 
are  excited  about  this  technology  as  representing  a 
potentially  lower  cost,  viable  alternate  to  diffusion. 
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DF.ELOP  PRELiniNARY  THEORY  OF  HETEROJUNCTION  SOLAR  CELLS 
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LOW  COST  SOUR  CELL  PROCESSING  LINl 


PROJECT  CONCEPTS 
INCIDENT  RADIATION 

LOAD 

SCHEMATIC  DIAGRAM  OF  GLASS-Si  HETEROJUNCTION  CELL 

ADVANTAGES  OF  CELL 

1.  OPTICAaV  TRANSPARENT  WINDOW 

2.  LOW  SERIES  RESISTANCE 

3.  LOW  REFLECTIVITY 

4.  LOW  COST 
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BEST  CELL  RESULTS 
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SIMPLIFIED  ENERGY  BAND  DIAu m»D  BARRIER  VOLTAGE  EQUATION  FOR  H*/n  HETEROJUNCTION 

NEGLECTING  SURFACE  STATES  AND  S1O2  BARRIER  LAYER 


RESISTIVITY  OF  WAFER  vs  OPEN-CIRCUIT  VOLTAGE  AND  SHORT-CIRCUIT  CURRENT 
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BEST  CEIL  RESULTS 


344 


BEST  CELL  RESULTS 
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OTHER  GLASSES 
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Cd2SnOi,  (G.  HAACKE  - AMERICAN  CYANAMID) 


HETEROFACE  CELLS 
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SUMMARY  OF  KEY  RESULTS 
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PLAhriED  RENEWAL  REQUESTS 
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ABSTRACT 


The  purpose  of  this  project  is  to  investigate  a method  of 
growing  electronically  viable  silicon  films  on  inexpensive  foreign 
substrates,  with  the  objective  of  creating  a technology  to  radically 
reduce  the  overall  cost  of  the  silicon  employed  in  photovoltaic 
solar  energy  conversion. 

The  approach  employed  is  to  enhance  crystalline  ordering  during 
film  nucleation  by  confining  arriving  silicon  atoms  to  a narrow  band 
traveling  across  a substrate,  i.e.,  the  Lateral  Growth  Technique 
(LGT).  The  efforts  have  employed  physical  vapor  deposition  of  silicon 
in  a vacuum  evaporator  on  glass  and  metal  substrates  with  both  slit 
masks  and  single  defining  edges,  and  subsequent  chemical  vapor  depo- 
sition (CVD)  of  thicker  films  on  these  thin  film  structures  by 
pyrolysis  of  silane  at  higher  temperatures.  Efforts  will  continue 
on  optimizing  grain  size  and  film-substrate  compatibility  for  util- 
ization of  relatively  conventional  solar  cell  processing  techniqv3s 
and  temperatures. 

The  key  results  to  date  are;  improved  ordering  with  LGT,  even 
using  single-edge  masking  of  the  silicon  flux  and  reasonable  growth 
rates  with  the  LGT-CVD  combination. 
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OBJECTIVES 


ELECTRONICALLY  VIABLE  SILICON  ON  DISORDERED  SUBSTRATES 

- NINim  SILICON  USAGE 

- INEXPENSIVE  SUBSTRATE 
-CONTINUOUS  OPERATION  POSSIBILITIES 


APPROACH 

LATERAL  GROWTH  TECHNIQUE  (LGT)  FOR  ORDERING 

COMBINE  LGT  S CHEMICAL  VAPOR  DEPOSITION  (CVD)  FOR  THICKNESS 

METAL  SUBSTRATE  FOR  BACK  CONTACT 
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L6T  DEPOSITIONS  ON  VARIOUS  SUBSTRATES  & COATINGS 
DEPOSITION  RATE  INVESTIGATIONS 
DEPOSITIONS  WITH  SLITS  & SINGLE  EDGES 
CVD  APPARATUS  INSTALLATION 
COMBINED  LGT  - CVD  DEPOSITIONS 
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PRESENT  CZOCHRALSKI  : 250  HICRON  THICK— $25/SQ.FT.  ($270/SQ.H.) 


LST-CVD 

CLAD  SUBSTRATE 15t/SQ.R. 

LGT  SOURCE.  POLY-Si 5t/SQ.FT. 

TRICHLOROSILAHE  FOR  50  MICRONS -50t/SQ.FT. 

TOTAL 70t/SQ.FT. 


($7.50/SQ.H.) 
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L6T  SILLCM  JUIETABLE 


ORDERING  WITH 
SINGLE-EDGE 


LGT-CVD 

TRIALS 

CVD 

APPARATUS 


START 

J J 


1st  LGT 
APPARATUS 

A S 


NEW  LGT 
APPARATUS 


N D 


J 


D 


197A 


1975 
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0.6  1.0  1.6  2.0 


Single  edge  with  slower  travel  and  lowered  deposition 
ra'e. 
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0.B  1.0  1.5  2.0 


Optical  reflection  -f  transmission  for  LOT  silicon  film 
deposited  through  a slit  onto  glass. 
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Slit  Deposition 


Shadowed  After  Slit  Passage 


Single-Edge  Deposition 


Comparison  of  Slit  and  Single -Sdge  J->GT  Deposition 
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1.0 


1.6 


2.0 


0.5 


Optical  reflection  -f  transmission  for  fast«deposition 
with  a single -edge  mask. 
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0.5  1.0  1.6  2.0 

Equal  Chromatic  Order  inlerferenc  ::  .n  mfra-red  transmission 
of  an  LGT  film. 
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Chemical  vapor  deposition  system  for  silicon. 


SSSfjgw 
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C 
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SmWRY  OE  KEY  -ELSDUS 


IMPROVED  ORDER  WITH  L6T.  EVEN  USING  SINGLE  EDGE 
REASONABLE  GROWTH  RATES 
COI-1BINED  L6T  - CVD  STARTED 


PUNNED  ACTIVITY  FOR  NEXT  6 MONTHS 

IliPROVE  SUBSI'RATE  COATINGS 

- NOR-REACTIVE  OR  SLOW  REACTION  WITH  SILICON 

- ADHESIVE  TO  1000”C 

COMBINED  LGT-CVD  DEPOSITIONS 
INCREASE  GRAIN  SIZE 
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objective;  Study  of  epitaxial  solar  cell  structures  on  low  cost  silicon  substrates 
as  a means  of  improving  the  cell  performance  compared  to  direct  diffusion  Into  such 
substrates » and  thus  allow  a wider  use  of  these  low  cost  materials  to  obtain  useful 
solar  cells.  The  primary  emphasis  is  presently  on  the  use  of  EFG  ribbon  material. 

Results;  Data  obtained  during  the  first  three  months  of  this  grant  are  reported. 

The  work  has  included  the  following:  (1)  Coiq>arative  X-ray  topograph  of  EFG  ribbons 
(grown  by  Tyco-Mobil)  and  epitaxial  layers  deposited  on  these  materials.  (2)  Study 
of  diodes  and  solar  cells  fabricated  by  diffusion  into  the  ribbon  materials  and 
epitaxially  formed  on  the  similar  material.  (3)  ' Carrier  concentration  distribution 
studies  of  ribbon  materials  using  electroreflectance  data. 

The  majir  conclusions  of  the  work  to  date  are: 

(1)  The  dislocation  density  in  the  epitaxial  layers  is  significantly  lower 
than  that  of  the  substrate  material.  As  expected«  of  course^  grain  and  twin 
boundaries  propagate  into  the  epitaxial  layers. 

(2)  The  saturation  current  density  of  the  diodes  epitaxially  formed  on  the 
substrate  is  commonly  2-3  orders  of  magnitude  lower  than  for  the  diodes  formed  by 
direct  diffusion.  However,  large  variations  in  EFG  ribbon  quality  were  observed, 
and  it  appears  that  the  relative  difference  between  the  ep  txial  and  diffused 
diodes  varies  accordingly. 

(3)  The  solar  cells  made  epitaxially  (particularly  if  a graded  structure  is 

used)  are  substantially  better  than  those  made  by  direct  diffusion  into  similar 

material.  The  difference  is  observed  both  In  higher  I and  V (All  measurements 

sc  oc 

were  made  under  atmospheric  conditions  using  solar  illumination  for  the  most  part.) 

(4)  The  devices  fabricated  so  far  were  intended  only  as  comparative  study 
vehicles  rather  than  as  state-of-the-art  solar  cells.  Thus,  none  of  the  parameters 
were  fully  optimized. 

The  continuing  phase  of  the  program  will  focus  on  more  detailed  characterization, 
with  emphasis  on  minority  carrier  lifetime,  and  local  variations  Jn  device  quality 
which  is  correlated  with  the  substrate  and  epitaxial  structure.  'Different  structures 
and  fabrication  processes  will  be  evaluated  in  order  to  optimize  the  cell  parameters, 
for  as  wide  a substrate  quality  range  as  possible. 
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T1TI£  : EPITAXIAL  TECHNOLOGY  FOR  LOU  COST  SILICON  SOLAR  CELLS 

GRANT  #:  AER  74-1S532 

RCA  LABORATORIES,  PRINCETON,  N.  J./YESHIVA  UNIVERSITY 
TOTAL  GRANT  : $160,000  (ONE-YEAR  PROGRAM) 

PRINCIPAL 

INVESTIGAT(»RS  : H.  KRESSEL/RCA  LABORATORIES  (PROGRAM  SUPERVISOR) 

P.  RACCAH/YESHIVA  UNIVERSITY 

PROGRAM  BEGAN  ON:  APRIL  1,  1975 


PROGRAM  OBJECTIVE 


STUDY  OF  EPITAXIAL  SOLAR  CELL  STRUCTURES  ON  LOU  COST  SILICON 
SUBSTRATES  (EFG  RIBBON)  AS  A ML  • OF  IMPRC/ING  THE  CELL 
PERFORMANCE  COMPARED  TO  DIRECT  DIFFUSION  AND  THUS  ALLOW  A 
WIDER  USE  OF  THE  SUBSTRATES  PREPARED  TO  OBTAIN  USEFUL  DEVICES. 
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mmmMs  PAdi  m 

OF  POO^.  QUAIOT 


dislociit  d^ft^Uy  In  th^  sub$trat^  i^ot  c?roAa«»i^te  Into  layiir.  Tn<g 

boundary  In  tbd  substrate  and  a nit  ar<i  indlcatad  at  A and  8#  ra$pac  t ^ vnl  y ^ 


ACTIVITY  TO  DATE 


DEFECT  ANALYSIS  OF  RIBBONS  AND  EPITAXIAL 
LAYERS  TO  ESTABLISH  METALLURGICAL 
IMPROVEMENT  DUE  TO  EPITAXY  PC-RAY  TOPO- 
GRAPHY). 

CELLS  AND  DIAGNOSTIC  P-N  JUNCTION  STRUC- 
TURES FABRICATED  AND  CHARACTERIZED. 

ELECTROREFLECTANCE  EQUIPMENT  FOR  HIGH 
RESOLUTION  MAPPING  OF  CARRIERS  CONCEN- 
TRATIONS COMPLETED.  PRELIMINARY  CORRE- 
LATION BETWEEN  GROWTH  MORPHOLOGY  AND 
CARRIER  CONCENTRATION  VARIATION. 


PHOTOMULTIPLIER 
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TABLE  1 

EPIT.uvI.\L  DIODES 
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I„  (V^  -2  V). 

.vl 
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8.6  X 10“® 

Cl 
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D1 

l.l  X 10“® 

A2 
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B2 

2.5  X 10‘® 

C2 
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D2 

J.5  X lO”^ 

A3 

1.26  10”^ 

B3 
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C3 
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D3 

5.15  X 10"^ 
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2.8  X iO"^ 
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D4 

4.8  X 10"^ 
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,jiotograpo  or  me 

::Sit«ira*::io«: : : €:M:i':E*!ft t : cteOSl  tf; iPf  >:  ^eaC  ll ;;  o| ; the  ■ 4 8 : 

Is  given  in  Table  !♦ 
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WSAVELEN6TH  (/tm) 


ABSOLUTE  QUANTUM  EFFIG'FNCY 


(ELECTRONS/INCIDENT  PHOTON)  IN  PERCENT 


I I I I I I I I I I I I I I I I 
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CCWAItATIVE  UnMt  CELI-  PATA 
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0.41 

4.8 
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S102 

W ) 

Epi*”’ 
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477 

16.8 

low 

91.7 

MO2 

(a) 

Cell  provided  by  NASA  with  calibration 

under  atnmspheric  conditions.  It  was  used  as  a standard  to  establish 

th«  solar  intensity. 

(b)  Cr-'  ' ^ inpurity  profile  in  p~ region. 

(c)  'ifomt  inpurity  profile  in  p^region. 
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MAJ(»  CONCLUSIONS 


DISLOCATION  DENSITY  IN  THE  EPITAXIAL  LATER  IS  LONER  THAN  IN  THE 
BFG  SQKTRATB. 

^ SATURATI(»S  CURRBST  DENSITY  OF  DIODES  EPITAXIALLY  FORMED  ON 
THESE  SUBSTRATES  IS  MUCH  LONER  THAN  OBTAINED  BY  DIRECT  DIFFUSION 
INTO  TOE  SUBSTRATES. 

THE  Isc  and  Toe  and  EFFICIENCY  OF  EPITAXIAL  SOLAR  CELLS  ARE 
GBSERALLY  HIGHER  THAN  THOSE  MAIB  BY  DIFFUSION  INTO  THE  EF6  MATERIAL. 

GOOD  QUALITY  SOLAR  CELLS  ('>'  9%)  HATE  BEEN  MADE  EPITAXIALLY  IN 
S(»1E  EFG  MATERIAL  WHKB  DOES  NOT  YIELD  USEFUL  DEVICES  BY  DIRECT 
DIFFUSION. 

A SENSITITE  ELECTROREFLBCTANCE  APPARATUS  HAS  BEEN  CONSTRUCTED 
HHICH  ALLOWS  THE  DIRECT  DETERMINATION  OF  CARRIER  CONCENTRATION 
TARIATI<»IS.  SPATIAL  TARIATIONS  IN  EFG  MATERIALS  MUCH  GREATER 
THAN  THOSE  ENCOUNTERED  IN  CONVENTIONALLY-GROWN  BULK  Si  HATE 
BEEN  DETECTED. 


* «76  1?^®* 


SHMiOW  JteiCTION  PHOTOVOLTAIC  DEVICE  PROGRAM 


LAMRENCE  LIVERTWRE  LABORATORY 
LIVERMORE/  California 


Grant  Requested:  One  Year 

$245/000 


Author/Principal  Investigator:  R.  WICHNER 


NATIONAL  SOUR  PHOTOVOLTAIC  REVIEW  ETIN6 
July  22-25/  1975 
Los  AngeleS/  California 
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f Abstract 


SHALLOU  JUNCTION  SILICON  SOLAR  CEUS 


R.  Wichner 

Lawrence  Livermore  Laboratory 
Livermore*  California 


The  objective  of  this  program  Is  to  develop  techniques  to  produce  low 
cost,  high  efficiency  solar  cells,  with  emphasis  on  those  processes 
idilch  are  applicable  to  the  automated  production  of  both  single  crystal 
and  defect-laden  ribbon  or  thin  film  polycrystal line  solar  cell  material. 
Shallow  junction  devices  are  under  primary  consideration  with  several 
types  of  silicon  solar  cells  having  beerr  fabricated,  namely,  a)  epitaxially- 
grown  shallow  junction  cells,  b)  Schottky-barrier  cells,  c)  Indlum-TIn- 
Oxlde  on  silicon  cells  and  d)  cells  produced  by  a^unlque  process  utilizing 
a corona  discharge.  Our  results  with  this  latter  process  are  described 
below. 

Initial  results  In  producing  single  crystal  silicon  solar  cells  were 
reported  at  the  Eleventh  Photovoltalcs  Specialist  Conference,  May,  1975, 

In  Phoenix,  Arizona.  Cells  with  efficiencies  of  over  d%  with  fill 
factors  of  up  to  0.76  were  reported.  These  shallow  junction  cells  had 
enhanced  short  wavelength  response  as  compared  to  commercial,  deeper 
junction  cells. 

Recent  work  has  Included  the  fabrication  of  polycrystal line  silicon 
cells  with  AMI  efficiencies  of  over  3%  without  an  anti  reflection  coating. 
These  cells  were  5 mm  x 5 mm  x 20  microns  of  -5  0cm  silicon  grown  epitaxially 
on  a 0.01  ncm  10  mil  thick  substrate.  Open  circuit  voltages  as  high  as 
0.45  V were  obtained. 

Preliminary  analysis  of  cells  produced  by  the  corona  discharge  technique 
Indicates  a profile  of  implanted  ions  which  results  in  a low  sheet 
resistance  for  the  shallow  p-layer.  Additionally,  the  presence  of 
heavily-defected  regions  within  a given  cell  does  not  seem  to  grossly 

3b8 


affect  overall  perfermana  of  the  device. 

fyture  activities  ere  geared  to  optimizing  the  various  process  paraiKters 
by  both  experimental  and  theofittlcal  means.  In  order  to  Increase  the  ^ 
efficiency  ef  cells  produced  by  :h1s  new  technique. 

be  have  therefore,  shown  the  technical  feasibility  of  tbe  corona  discharge 
technique  as  a mems  for  producing  efficient  silicon  solar  cells  and 
expect  that  with  continued  effort,  further  Improvements  can  be  made. 
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OVERALL  ?m?m  OBJECTIVE 


DEVELOP  TECri;iI3UES  TO  PRODUCE  LOW  COST.  HIGH  EFFICIENCY 
SOLAR  CELLS.  WITH  Ei’lPfiaSIS  0.1  LOW  lEnPER^JURE  PROCESSES 
VftllCH  RESULT  IN  SHALLOW  JUNCTION  DEVICES. 


QBlfflNALPAOB& 

aPfOOEODiAUT? 
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THE  CORONA  DISCHARGE  PROCESS  FOR 
PRODUCING  SKALLOW  JUNCTION  Si  SOLAR  CELLS 


TECHNIQUE: 

A Corona  Discharge  (up  to  9 kV)  of  BFt  produces 
Boron  Ions  which  are  implanted  into  the  Silicon 
Cathode  to  form  a shallow  p'*’  - n junction. 


ATTRIBOES; 

Low  Processing  Tbt=€ratures  (<5X)*0  - Suitable  for  Ribbon 
AND  Thin  Film  Polycrystalline  Si 

Simple  Equiptcnt  and  Processing  Steps 

Cells  with  High  Fill  Factors 


Improved  Short  I^velet^gth  Respot^se 


A CORONA-mDE  DISCHARGE  HAS  A 
UNIQUE  FEATURE  WHICH  CAR  3E  USED  TO  ADVANTAGE: 

• Potentials  of  Several  Kilovolts  can  be  Sustained 

• Multi PLY- Ion I zed  Gaseous  Species  are  Generated 

£•6,^  BFj  ^ BFj^  ^ B^  ....  B^^ 

• The  Energy  of  B"*"^  Falling  Through  a Potential 
Drop  of  5 kY  is  equal  to  25  keV. 


ORTfilWAL  PAGE  IS 
0B  POOR  QUALITY 
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Log  Concentration^  CM" 


Depths  A 


FIGURE  2 

39k 


FIGURE 


t/cLrs 


SUIWRY  OF  KEY  RESULTS 


COtlCEPT  OF  SOLAR  CELL  FABRICATIOH  BY  COROflA  DISCHARGE 
TECH.TIQUE  HAS  BEEII  PROVE:! 

• Single  Crystal  Cells  with  Efficiency  (Afil) 
h/o  A-R  Coating 

• Polycrystalline  Silicon  Cells  hith,>53  efficiency 
(Afil)  w/o  A-R  Coating 

SHALLOW- JUXTIO.!  CELLS  ARE  HOT  GROSSLY  AFFECTED  BY  HIGHLY 
DEFECTED  REGIO.TS 


PIA'KO  ACTIVITY  FOR  1€XT  6 fOTHS 

• ESTABLISH  FABRICATION  TECHNOLOGY 

• GEHERATE  THEORETICAL  MODEL  OF  IMPLANTED  DOPANT 
DISTRIBUTION 

• DETERMINE  EFFECT  OF  GASEOUS  ADDITIVES  ON  ION 
POPULATION  IN  CORONA  DISCHARGE 

• GEHERATE  THEORETICAL  FODEL  FOR  SHALLOW  JUMCTION  CEUS 

• SCALE  UP  CELL  DIIOSIOM 

• FABRICATE  CEUS  WITH  INCREASED  EFFICIENCY 


2^. 
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SESSION  VI 


COMPOUND  SEMICONDUCTOR  SOLAR  CELLS 
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ASSESSMENT  OF  THE  INTERNATIONAL  WORKSHOP  ON 

CdS  SOLAR  CELLS 

Karl  W.  Boer 

Institute  of  Energy  Conversion 
University  of  Delaware 
Newarkt  Delaware  19711 


The  National  Science  Foundation  sponsored  an  International  Workshop  on 
CdS/Cu2S  solar  cells  and  other  abrupt  heterojunctions  held  at  the  University  of 
Delaware*  Approximately  100  participants^  including  representatives  of  NSF, 
ERDA,  NASA  and  EPRI,  discussed  during  the  three  day  workshop  (April  30- 
May  2)  critical  questions  relating  to  the  performance*  stability  and  economics 
of  these  cells  with  the  aim  to  assess  the  current  state  of  the  art  and  future 
potential. 

In  three  parallel  sessions,  general  problems  relating  to  the  basic  under- 
standing of  the  cell  operation,  to  material  aspects  of  the  cell  and  to  manufac- 
turing methods  amd  cell  engineering  were  discussed. 

In  a general  meeting  on  the  last  day  of  the  workshop,  a synthes's  was 
attempted  in  extensive  discussions  and  summarized  at  a meeting  of  the  Chair- 
men and  Associate  Chairmen  after  the  formal  adjournment  of  the  workshop. 
Here  it  was  agreed  that  the  following  statement  summarized  the  principal  out- 
come of  the  meeting.  To  the  extent  that  there  was  a definable  consensus,  these 
points  represent  the  principal  areas  of  agreement. 


Initial  Performance  and  Possible  Limits 


Peak  performances  of  7-8.  5%  conversion  efficiency  have  been  demon- 
strated at  room  temperature.  Peak  values  of  short  circuit  currents  of  25 
mamp.  cm^,  open  circuit  voltages  of  0.53  volts  and  fill  factors  of  75%  have 
h'*^n  d «. monstrated.  Most  investigations  show  that  the  highest  short  circuit 
. urrrnts  are  obtained  with  close  to  stoichiometric  Cu2S. 

The  highest  achievable  short  circuit  current  under  100  mwatts/cm^ 
hiral  insolation  is  about  35  mamps/cm^  for  such  cells,  allowing  20%  optical 
losses.  The  theoretical  limit  for  the  fill  factor  is  agreed  to  be  about  80%. 

Two  major  approaches  to  increasing  the  open  circuit  voltage  were  agreed 
to;  namely,  recombination  at  interface  states  and  modifying  the  band  inter- 
connect. A reasonable  goal  of  0.65  volts  was  projected  and  a theoretical  upper 
limit  of  0.  86  volts  was  presented. 

On  the  basis  of  the  above  individual  parameters  overall  conversion 
efficiencies  in  excess  of  15%  are  implied. 
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Cell  Reliability 


It  was  generally  agreed  that  for  terrestrial  applications,  degradation  is 
not  an  obstacle  to  utilization  of  the  CdS  cell  and  lifetimes  in  excess  of  ZO 
years  are  achievable*  A major  contribution  to  observed  degradation  in  the 
past  was  the  result  of  inadequate  protection  from  atmospheric  constitutents* 

A major  degradation  mechanism  is  related  to  stoichiometry  changes  in  the 
Cu^S  layer* 


Economic  Factors 


There  are  at  least  two  production  techniques  capable  of  producing 
economic  CdS  solar  cells*  Projected  costs /watt  were  stated  to  be  between  1 
and  10  cents/peak  watt  using  the  techniques  of  sensitivity  analysis.  In  order  to 
achieve  such  projected  costs  a sufficient  production  yield  of  high  efficiency 
cells  is  necessary*  There  are  indications  that  such  yields  are  achievable* 


Genei  tl  Recommendations 


It  is  recognized  by  the  members  of  the  workshop  that  the  complexity  of 
the  heterojvinction  solar  cells  warrants  a concerted  research  program  with  ar> 
over-critical  mass  to  systematically  approach  and  solve  the  key  problems  to 
further  improvements* 

Such  improvements  shall  include  an  increase  of  conversion  efficiency 
above  ^0%,  a decrease  in  thickness  of  the  CdS  layer  below  10pm,  the  develop- 
ment o an  inexpensive  grid  and  an  inexpensive  hermetic  encapsulation*  It 
must  also  include  the  achievement  of  a production  yield  in  excess  of  90%  for 
high  efficiency  cells  within  one  percentage  point  deviation*  Finally,  a life 
expectancy  in  excess  of  ZO  years  under  actual  operating  conditions  is  desirable* 

The  current  state  of  the  art  shows  feasibility  of  achieving  these  goals. 

A great  variety  of  cells  have  been  fabricated  using  different  techniques,  elec- 
trodes and  encapsulations  and  have  demonstrated  that  cell  efficiencies  in  excess 
of  5%  can  be  achieved  in  various  ways* 

In  order  to  accelerate  further  progress  a systematic  research  program 
is  recommended: 

1.  Substrates;  A wide  variety  of  substrates  is  currently  used  with 
success  including  glass,  Mo,  NiFe,  Copper  and  Kapton  with 
silver  pyre.  The  parameters  of  influence  to  cell  performance 
shall  be  identified  and  substrates  shall  be  selected  which  are 
conducive  to  high  efficient  ard  economic  cells* 
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2. 


Base  Electrodes;  Currently  predominantly  r.inc  is  used  but  other 
materials  such  as  Al,  Pd-Ag-Ti  and  conducting  glasses  are  known 
to  produce  ohmic  contacts  to  CdS.  Other  materials  and  deposition 
methods  shall  !>•?  identified  as  ohmic  contacts  of  sufficient  conduc- 
tance and,  -for  back  wall  cells  - of  sufficient  optical  transparency. 

3.  CdS  Layer;  It  is  ^now  that  CdS  of  different  deposition  and  structure 
yields  good  CdF  jlar  ceils.  Critical  parameters  shall  be  identi- 
fied relating  t tructurc,  stoichiometry,  doping  and  surface 
morphology  to  obtain  high  efficiency  and  stable  cells.  Alternative 
methods  of  deposition  and  treatments  shall  be  investigated  to 
economically  produce  such  layers. 

4.  CuxS  Layer;  Evidence  is  obtained  that  Chalcocite  with  1.995 
deposited  in  a variety  of  ways  yields  cells  with  high  collection 
efficiency.  he  range  of  permissible  deviation  from  stoichiometry 
shall  be  identified  with  critical  parameters  relating  to  structure 
and  doping  to  obtain  highest  collection  efficiencies.  Means  for 
surface  passivation  and  to  stabilize  the  electrical  parameters  of 
the  CuzS  layer  shall  be  investigated  as  well  as  alternative  means 
of  deposition  and  post-denosition  treatments. 

5.  Top  Electrode;  Materials  and  means  of  attachment  shall  be 
identified  to  achieve  stable  ohmic  contacts  to  CuzS  which  could 
replace  the  currently  used  gold. 

Low  cost  electrodes  shall  be  developed  with  hig*"!  collection  efficiency 
(for  front  wall  cells  with  high  optical  transparency). 

6.  E..cap8ulation;  Materials  or  material  combinations  shall  be  identi- 
fied  which  can  combine  antireflection  coating  with  a hermetic 
sealing  and  possibly  surface  passivation.  Inexpensive  encapsulation 
techniques  shall  be  developed. 

Arrays;  Critical  parameters  shall  be  identified  for  automatic  array 
fabrication.  Means  to  inexpensively  produce  and  encapsulate  such 
arrays  shall  be  developed. 

8,  Alternative  Heterojunctions;  The  investigation  of  alternative 
material  combinations  shall  be  continued  and  their  potential  shall 
be  identified  in  comparison  with  the  CdS/Cuz  solar  cell  in  respect 
to  maximum  possible  efficiency,  ease  of  fabrication,  degradation 
mechanism  and  other  relevant  parameters  influencing  reliability 
and  economics. 

9.  Cell  Operation;  Efforts  shall  be  continued  to  improve  the  under- 
standing  of  tke  physics  of  the  cell  operation. 

10,  Diagnostic  Tools;  Diagnostic  tools  shall  be  further  developed  to 
identify  all  essential  parameters  of  the  cell  and  to  control  repro- 
ducible manufacturing  of  all  components  of  the  cell. 
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11.  Life  Testing;  Meaningful  accelerated  life  test>i  shall  be  developed 
and  all  newly  developed  cells  shau  be  promptly  submitted  to  such 
tests. 

12.  Documentation  and  Exchange  of  Information;  All  results  shall  be 
recorded  with  attention  to  ease  of  access  and  data  retrieval.  Close 
relation  of  the  different  parts  of  the  program  and  swift  exchange  of 
information  is  emphasized. 

In  additioni  systems  analyses  of  the  relation  between  initial  cell  costs, 
performance  and  useable  lifetime  shall  be  pursued  to  give  guidance  to  cell 
research  and  development. 

This  workshop  has  served  a useful  function  tc  assess  the  current  state  of 
the  art  and  to  provide  guidance  for  future  research.  It  is  pioposed  to  hold 
such  workshops  periodically. 
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VEHI  LOW  COST  THIN  FID4  CdS-CUgS  SOIAR  CELL  DEVELOPMENT 
USING  CHEMICAL  SPRAYING 

D.  H.  Baldwin  Cooipany,  El  Paso,  Texas 
and 

Sandia  Laboratories,  Albuquerque,  New  Mexico 

Grant  Number:  (Not  Finalized) 

Grant  Period:  ? (6  Months) 

Grant  Amount:  Baldwin  $110,000 

Sandia  30,000 

by 

George  A.  Samara 
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presented  at 
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ABSTRACT 


Over  the  past  four  years  the  D.  H.  Baldwin  Company  has  developed  a chemical 
spray  process  for  the  production  c^'  thin  film  CdS-Cu^S  solar  cells  projected  to 
cost  less  than  $60/WJ  in  very  lai^„  s^ale  production.  The  average  efficiency  of 
these  cells  has  been  iiq)roved  f rom  <;  O.jfh  in  1971  to  about  U.55C  at  present. 

The  overall  objectives  of  this  program  are  to  further  develop  the  process, 
to  raise  the  efficiency,  and  to  attain  long  life  stability.  In  the  Joint  progiam 
Sandia  Laboratories  is  to  provide  the  technical  support  necessary  to  help  achieve 
these  objectives. 

The  cell  consists  of  a glass  substrate  onto  which  is  sprayed  a thin  tin  oxide 
transparent  electrode  followed  by  a sprayed  film  (2-3  pm)  of  CdS.  A very  thin 
film  of  Cu^S  is  then  formed  by  either  spraying,  dipping,  or  electrolytic  ion 
exchange.  Finally  a copper/lead  electrode  is  evaporated  on  top  the  Cu  S layer. 

Discussion  between  Baldwin  and  Sandia  defined  several  areas  for  initial  inves- 
tigation by  Sandia.  These  are: 

1 - Chemical  analysis  of  the  starting  chemicals  and  resulting  thin  films 

with  eo^hasis  on  impurities  likely  to  be  electrically  active  and  their 
effects  on  cell  properties. 

2 - Detemination  of  the  morphology  and  crystallography  of  the  various 

layers . 

3 - Determination  of  the  location,  depth  profile  and  form  of  dopants  and 

contaminants  known  to  be  in  tl«  device  and  their  effects  on  the  morphology 
and  crystallography. 

4 - Studies  of  the  electrical  and  optical  properties  of  the  vardous  films  end 

the  device. 

The  results  of  this  work  should  form  the  basis  for  process  modification  and  control 
and  for  improving  device  characteristics  and  conversion  efficiency. 

The  Sandia  effort  was  recently  initiated  and  the  work  thus  far,  on  the  limited 
number  of  available  ssuiples,  has  consisted  of  a general  survey  of  the  potential  use- 
fulness of  a wide  variety  of  analytical  techniques  to  the  understanding  of  the 
structure,  composition  and  properties  of  the  films  and  devices.  It  is  often 
observed  tt^t  corroborative  results  from  a ccmbination  of  techniques  are  necessary 
to  bt  able  to  draw  definitive  conclusions . Our  preliminary  findings  are  summarized 
in  one  of  the  acconpanying  tables. 

It  is  erqpected  that  a more  detailed  and  broader  range  of  studies  along  with  more 
definitive  conclusions  will  be  accomplished  by  the  next  Review  Meeting. 
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OVERALL  OBJECTIVES 
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SCHEMATIC  OP  A FLOAT-GLASS 
SOLAR-CELL  PLANT 


1970  IS7I  1972  1973  1974 

YEARS 

PROGRESS  IN  IMPROVEMENT  OF  EFFICIENCY 
FOR  CHEMICAL  SPRAY  PROCESS  (CELLS) 
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COST  SUHHflRY!  (EXCLUSIVE  OF  INSTALLATION,  SITE  PREPARATION, 


AND  POWER  HANDLING  EtWIPNENT,  i.e.,  CELLS  ONLY.) 

COSTS  AS  OF  SEPTEMBER  1973. 

MATERIALS  DOLLARS  PER  SQUARE  FOOT 

GLASS  .1400 

OTHER  MATERIALS  .0509 

(Chemicals  and  Metals) 

TOTAL  MATERIALS  .1909 

AIHIITIONAL  LABOR  COSTS  INCIDENT  .0019 

TO  CELL  MANUFACTURE 

CAPITAL  COST-DEPRECIATION  AND  .0260 

INTEREST 

PLANT  MAINTENANCE  COST  .0102 

POWER  COSTS  .0253 

ADDITIONAL  G S A (ABOVE  THAT  .0068 

INCLUDED  IN  GLASS  COST) 

TOTAL  COST  .2611 

AT  5X  EFFICIENCY,  ONE  (1)  SQUARE  FOOT  OF  GLASS  WILL  PRODUCE 
A PEAK  POWER  OF  4.645  WATTS. 

COST  PER  PEAK  WATT  .0562 

COST  PER  PEAK  KILOHAH  56.20 
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JOINT  BALDWIN/SANDIA  PROGRAM 
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CHARAaERIZATION  TECHNIQUES 
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"One  of  Better"  Cells  the  Cu^S  Layer  was  Identified  as  Chalcoctte. 


12491 

CdS  THIN  FILM  SOLAR  CELLS  FOR  TERRESTRIAL  POWER 
Grant  No.  AER74-14918  Westinghouse  Research  Laboratories 

ABSTRACT 

The  overall  objective  is  the  deve1o|Mnent  of  very  low  cost  long 
lived  Cu2S/CdS  thin  film  solar  cells  for  large  scale  energy  conversion. 

This  review  covers  approximately  the  second  half  of  the  first  year's 
work  at  Westinghouse. 

In  this  period*  the  facility  for  fabricating  a modified  design 
terrestrial  cell  was  operated  steadily.  Cell  outputs  started  out  low 
(at  3.4ji),  dropped  (to  2.0%)  when  closer  controls  were  placed  on  the 
process,  increased  (to  3.4%)  when  a revised  rinsing  process  was  introduced, 
and  increased  further  (to  5.0%  average)  when  a revised  barrier  forming 
process  was  put  into  effect. 

Work  continued  on  the  development  of  a low  cost  grid  system. 

A fNTinted  grid, using  flake  graphite  pi^nent  in  a polysulfone  binder  was 
dev,.1oped,  and  gave  reasonably  compatible  grid  lines.  However,  the  line 
width  and  resistivity  were  both  too  high  for  the  required  fine  mesh  grid 
and  further  work  war-  postponed. 

Fxcell^t  evaporated  metal  grid  patterns  were  obtained  using 
a specially  designed  apet*ture  mask.  Line  widths  of  1 mil  and  spacings 
of  i.  nd  100  l^nes  per  inch  were  readily  obtained.  Vacuum  evaporated 
gold  and  copper  grids  of  50  lines  per  inch  and  1 micron  thickness  were 
adequate  electrically  for  the  fine  mesh  contacting  grid.  Some  difficulty 
was  encountered  with  such  grids  dropping  cell  output  to  half  or  less, 
though  usuclly  the  outputs  could  be  restored  by  vacuum  annealing.  The 
difficulty  is  believed  to  be  due  to  localized  shorting  of  the  grid  to 
n-type  CdS  in  crevices  in  the  CU2S  layer. 

Real  time  roof  top  sunlight  exposure  tests  of  encapsulated 
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CdS  cells  show  no  loss  In  output  after  5 months. 

Accelerated  life  testing  of  encapsulated  cells  show  no  loss 
of  output  power  after  6 months  of  12  hour  dark-12  hour  AMI  illumination 
cycles  at  40°C,  60\,  80°C  and  lOO^C  temperatures.  However,  the  cells 
are  showing  changes  in  their  basic  parameters,  such  as  series  and 
shunt  resistance  and  junction  capacitance.  There  are  indications  that 
these  changes  can  be  correlated  with  specific  degradation  inodes  and 
hence  there  is  an  expectation  tha+  the  accelerated  tests  will  be  of 
value  in  predicting  cell  lifetimes  in  normal  usage. 
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A-  CdS  THINLf  im  SOIAR  CELLS  FOR  TERRESTRIAL  POWER 

Grant  No. 


BY 


WESTINGHOUSE  ELECTRIC  CORPORATION 
RESEARCH  LABOW\TORIES 
PITTSBURGH.  PENNSYLV/^IA 


WITH 

THE  UNIVERSITY  OF  PITTSBURGH 
PITTSBURGH.  PENNSYLVANIA 

Period  of  Grant  August  197A  thru  July  51.  1975 
Amount  of  Grant  $247,200 
Principal  Investigator  - F.  A,  Shirland 
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B-  mm,  mmm  of  proei 

The  DEVEUowerT  of  VfeRY  Low  Cost  Long  Lived 
CdS/Ci^  Thin  Film  Solpr  Cells 


The  First  Riase  of  a Three  Year  Effort  to  Carry 
THE  CDS  Thin  Film  Solar  Cell  to  the  Threshold 
OF  Practical  applications 
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c>  a^.  /mviTY  m m six  m\^ 

1-  SX>C  PROBLEM  OF  HIGH  1^  AND  UM  SCO 

2-  Operate  st^voard  process  cell  fabrication  facility  and 

ACHIEVE  ^ MINIMUM  EFFICIENCY  LEVEL 

5“  Continue  development  of  low  cost  grid  system 

4-  Study  ^E1H0K  of  proiecting  cells  from  tic  atmosphere- 

recowcnd  approach  for  intensive  developicnt 

5-  Obtain  first  indications  of  expected  lifetiics  of  state- 

of-the-art  CELLS  IN  terrestrial  USE 

6-  Start  basic  studies  of  cell  structure  and  operating 

rCCHANISM 

7-  Start  studies  of  Dj^  layer  to  optimize  structure  for 

THINNER  BASE  UYERS 

8-  Analyze  losses  in  state-of-the-art  cells  to  demonstrate 

PRACTICALITY  OF  HIGHER  CELL  EFFICIENCIES 
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D-  DESCRIPTION  OF  PROGRESS  MflDE 

1.  Problem  of  High  and  Ljow  SCC 

High  I^  values  earlier  v€re  apparently  due  to  inadequately 

FORPED  JUNCTIONS.  ThEY  IMPROVED  GREATLY  WHEN  BETTER  JUNCTIONS  WERE 
WERE  MADE. 

Higher  currents  (15  to  19  ma/cp?)  were  obtained  by 

INCREASED  ETCH  TO  OPEN  GRAIN  BOUNDARIES,  AND  BY  USE  OF 
HIGHER  CuCl  dip  TEMPERATURE 
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3M 
2M 
3M 
5.QZ 

Reproducibility  - Fair  (+  205S  at  5.QJS  level) 

Yield  - Good  87%  in  3rd  Qtr. 

92%  IN  4m  Qtr. 


A TOTAL  OF  53  STANDARD  PROCESS  CELL  RUNS  MADE  IN 
6 MDNm  PERIOD  6 cells/run) 

Initial  Process  AVG.  ETF.  = 
Tightened  Controls  AVG.  EFF.  = 
Revised  Process  - Faster  Rinse  AVG.  EF.  = 
Re-Revised  Process  - New  Etch  + Dip  AVG.  EF.  = 
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RUN  97-5000X  (Old  Process) 


Run  189-5000X  (New  Process) 


(^KIMAL  PAGl  m 

or  FooE 


SEN  PICTURE  OF  SURFACE  OF 
CugS/CdS  CEU 

(5000X) 
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Run  97-2000X  (Old  Process) 





Run  185-2000X  (Mew  Process) 


SEM  PICTURE  OF  SURFACE  OF 
Cu«S/CdS  CELL 


(20C0XI 
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D-  leCRIPTION  OF  PROGRESS  MADE 

3-  Low  fosT-jjRiD  System 

Dual  Grid  System  Selected  as  Most  Promising 
Fine  Grid  Contact  - Evaporated  or  Printed 
Coarse  Collector  Bus  - Metallic  Overuy 

Printed  Grid  - flake  graphite  pigment^  polysulfone  binder 

- resistivities  were  too  high 

- RESOLUTIONS  WERE  TOO  LOW 

Evaporated  Grid  - mechanics  of  process  worked  out 

- aperture  masks  - 1 mil  line  widihs 

- 50  LPI  SPACING  UP  TO  iro 

- Excellent  patterns  obtained  - good  adhesion 

& COND. 

- Evaporated  metals  reduce  cell  output 
Coarse  Collector  Grid  - conductive  epoxy  interconnect  - OK 

- thermo-compression  bonding  - NOT  TRIED 
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Problem: 

Ordinary  conductive  inks  - much  too  high  resistance 

.^YSIg. 

Pigment  surface  area  too  high  to  obtain  high  ijoading 
Approaches 

A-  Flake  piGMEm*  to  redxe  surface  area  & increase 

PARTICLE  to  F.iPTICLE  CONTACTS 

Flake  graphite  evaluated 

RESULTS  PROMISING  - BUT  STILL  TOO  HIGH 
IN  RESISTANCE  “ TOO  COARSE  FOR  DESIRED 
RESaUTION 

Flake  copper  may  help 

6-  Conductive  binder 

c-  Improved  mixing  to  prevent  complete 
wetting  of  piGi^mr 
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Analysis: 

Evaporated  ^ETAL  probably  shorting  to  CdS  in  grain 

BOUNDARY  CREVICES 

Approaches: 

A-  Different  KETALS 

Various  metals  have  been  tried.  Gold  works  best^  and 
copper  next,  May  tend  to  form  blocking  contact,  (After 

Au  OR  Cu  GRID  EVAPORATION^  OUTPUT  OF  CELL  CAN  USUALLY 
BE  RESTORED  BY  VACUUM  ANNEALING,)  TrY  GRAPHITE, 

B-  SEMI-CONDUCTOR  UNDER  rtTAL  ELECTRODE,  Sl^  Se) 

CU^  REACTIVELY  SPUTTERED-GAVE  GOOD  JUNCTION  TO  (j)S 

C-  Oblique  evaporation  to  minimize  penetration  in  crevices 
D-  Improve  continuity  of  Ci^  barrier  layer 
Longer  CuCl  dip  time-icaker  hxm 
Improved  agitation  during  dipping 
SlXWER  etch  to  reduce  CRtVIClNG 
Form  CU2S  barrier  by  solid  state  diffusion 
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c UAREA/  T - AfA 


\/OL.f/\G€ 
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D- 

4- 


PtoimiNG  Cells  From  Atmosphere 

R.F.  SPUTTERING  SVSTEM  GBTAINED^  SET-UP  AND  TOOLED 

Si02^  AL2p^  m Targets  obtained 

S1O5,  /M)  Si^  sputtered  onto  glass  - TO  CAUBRATE 


PROCESS 

Good  adherent^  pim«x£-free  coahnos  obtained  0.2  to  1.0v 

THICK 


ReADT  to  apply  to  CU2S  LmTER  CELLS 
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D-  DESCRIPTION  OF  PROGRESS  mPE 
5-  Life  Testing 
A-  Roof-top  test 

5 MONTHS  REAL  TIIC  EXPOSURE  - NO  LOSS  OF  OUTPUT 
B-  ArmFRATFnilFFTFRT 

IN-SITU  OUTPUT  MEASUREMENTS  FOR  6 MONTH  ACCELERATED  EXPOSURE 
SO^€  INITIAL  DROPSj  BUT  f^DST  CELLS  HOLDING  UP 


ACCURATE  SIMULATOR  TEST  BEFORE  & AFTER  6 MONTHS 
ACCELERATED  EXPOSURE 
MOST  CELLS  SHOVING  NO  LOSS  OF  OUTPUT 
INTERNAL  CELL  PARAMtTERS  SHOWING  SOME  CHANGES 
1^  INCREASING  ~ AT  ALL  TEMPERATURES 
DECREASING  - AT  ALL  TEMPERATURES 
C DECREASING  - AT  IDCPC  C^'LY 

SOME  CORREU\TION  BETVCEN  IN-SITU  AND  SIMULATOR  DATA^  BUT 
MORE  ACCURATE  IN-SITU  DATA  NEEDED  FOR  BETTER 
CORRELATION. 
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OA'xs  ON  lesT 


days  m/  test 


CHANGE  IN  POWER  - AMI  at  25^C 
AFTER  SIX  MONTHS  ACCELERATED  EXPOSURE 
(Tested  by  NASA,  LEWIS) 


Tenq>.  of 

Cell 

CHANGE  IN 

Exposure 

No. 

MAX.  POWER 

40®C 

1 

-11.4% 

2 

- 0.5 

3 

0.0 

4 

- 6.3 

60®C 

5 

♦ 0.9 

6 

+ 0.9 

7 

- 1.7 

8 

+ 3.6 

80°C 

9 

- 2.3 

10 

+ 2.3 

n 

+ 0.9 

’2 

+ 3.1 

100®C 

13 

- 9.9 

14 

+ 4.7 

15 

+ 9.6 

16 

-23.4 
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SUMMARY 

CHANGE  IN  CELL  PARAMETERS 
AT  AM1-25°C 


AFTER  SIX  MONTHS  ACCELERATED  EXPOSURE 


PARAMETER 

Average  Percent  Change  at: 

40°C  60°C  80°C  100°C 

OCV 

-0.2 

+1.4 

+1.6 

-1.8 

see 

-1.7 

+1.7 

+3.4 

+12.7 

M.P. 

-4.6 

+0.9 

+1.0 

-4.8 

FILL 

-2.8 

1.6 

-3.8 

-14.4 

«S 

+65 

+54 

+49 

+134 

•^SH 

-51 

-36 

-51 

-60 

C 

-2.1 

-0.4 

-1.3 

-35.4 
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E- $inV\Ry  OF  KEY  JjESULTC  * 

1.  CfiS  Ceil  Fabrication  Facility  Operative 

Reached  51  average  AMI  efficiency  for  std.  process 

FOR  TERRESTRIAL  DESIGN  CELL.  AlL  CELLS  OVER 

2.  I%thqd  developed  for  applying  vacuum  evaporated  fine  fesh 

GRID  contact  - basically  LOW  COST  fETHOD  USING  APERTURE 
MASK. 

3.  PROflECTED  CELLS  SHOW  NO  DEGRADATION  OF  OUTPUT  ON 

REAL  TII€  TEST  AT  6 MOWIMS 

A-  Accelerated  test  of  protected  cells  indicate  no  probable 

DEGRADATION  OF  OUTPUT  UNDER  NORMAL  CONDITIONS 
FOR  AT  LEAST  SEVERAL  YEARS 

5“  Accelerated  test  at  elevated  temperatures  and  heavier 
DUIY  cycles  is  showing  CHANGES  IN  BASIC  CELL 
parameters  - WHICH  SHOULD  LEAD  TO  MORE  ACCURATE 
PROJECTIONS  OF  CELL  LIFETIMES 
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F-  yyuQRPimflis 


1.  Vacuum  evaporated  grids  apparently 

SHORTING  CELLS. 

2*  Printed  grids  too  high  in  resistance  and 
TOO  coarse  in  resolution. 
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1-  UpGRMJE  STD  PROCESS  FACILITY  FOR 

HIGHER  OUTPUT  ()  SO,  MORE  REPRODUCIBLE^ 

HIGH  YIELDS 

A-  Quality  & homogeneity  of  CdS  film 
B-  Topology  & structure  of  slbstrate 
c-  Doping  of  Cu^  layer 
D-  Optimize  etch  & dip  process 

2-  Continue  deveuoppent  of  low  cost  grid 

A-  Evaporated  metal  - non-shorting  contact 
B-  Printed  grid  - lower  resistance^  finer  resolution 
c-  Develop  interconnection  for  fine  & coarse  grids 

3-  Develop  encapsulation  - passivation  VEm 

A-  Control  Cl^  surface  states  - H2-.  Ar^  N2 
B-  Encapsulation  - Si02^  Al203^  S13N/I  evaluate 

for  IMPERTtABILITY^  COMPATIBILITY^  OPTICAL  COUPLING^ 
LONG  LIFE 

C-  EvALL^VTE  multiple  coatings  - FOR  OPTIMIZATION  OF 
CONFLICTING  REQUIREPEMTS 

4-  Continue  life  testing 

I fir  CoRREUTE  real  TIME  & ACCELERATED  TEST  RESULTS 

• B-  Identify  modes  of  degradation 

c-  Determine  magnitudes  of  each  & activation  energy 
where  applicable 

D-  Project  lifetines  for  each  degradation  mode  for 
TYPICAL  exposures  & DUTY  CYCLES 
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fr-  PIANNBl  ACTlVnY  - NEXT  6 NQMTHS 


5- 


Studv  ways  to  increase  cell  output 

A-  see  - INCREASE  ABSORPTION^  IMPROVE  LIFETIPE  IN 
B-  OeV  - INCREASE  BY  SELECTED  DOPING 

e-  Fill  factor  - decrease  - increase  R3|^ 

D-  Alternate  cell  constructions 
E-  Analysis  of  losses  in  cells 


6-  Reduce  eventual  cost  potential 
A-  Lower  cost  materials 
B-  Thinner  uyers  - particularly  euS 
C-  Improve  processing 


7-  Study  composition  & structure  of  ei^/eDS 
A-  High  vs  low  output  cells 
B-  SEM  & DIIIA  studies  of  junction  region 
e-  Basic  studies  at  University  of  Pittsburgh 
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N76  12492 


DIRECT  SOLAR  ENERGY  CONVERSION 
FOR 

LARGE  SCALE  TERRESTRIAL  USE 


AER  72-03478 

Formerly  GI-34872 

6/1/72  - 6/30/75 
$981,000 


7/1/75  - 6/30/76 
$484,974 


Principal  Investigators 
Karl  W.  Bber 
John  D.  Meak'wi 


Institute  of  Energy  Conversion 
University  of  Delaware 
Newark,  Delaware  19711 


National  Solar  Photovoltaic  Program  Review  Meeting 

July  22-25,  1973 
Los  Angeles,  California 


OBJECTIVES 


1)  Improve  cell  performance,  stability  and  life  expectancy 

2)  Iiiq)rove  understanding  of  cell  mechanisms  with  direct  experimental  verification 

3)  iHiprove  gridding  and  encapsulation  to  improve  life  expectancy 

FAST  ACTIVITIES 

As  a result  of  the  three  year  program  up  to  ,*•  ^e,  1975,  major  advances 
have  been  made  in  the  reproducible  production  of  CdS  cells,  the  understandir 
of  cell  formation  and  operation  mechanisms  and  the  understanding  and  control  of 
cell  degradation  mechanisms. 

Cells  can  now  be  reliabl  • made  on  copper/zinc,  mol>u  \um,  Fe-Ni, 
zinc  a^d  cadmium  stannate  on  quartz.  In  February,  1975,  a run  60  large 
(55  cm  ) cells  produced  a yield  of  851  with  a mean  efficiency  of  4.4%  and  a 
maximum  efficiency  of  5.2%.  During  May,  1975,  20  small  (4  cm^)  control  cells 
were  produced  with  a mean  efficiency  of  5.5%  and  a maximum  efficier«cy  of  6.0%. 
hese  efficiencies  are  under  Tungsten- Iodine  simulation;  the  cells  are  blue 
sensitive  and  roof-top  tescing  generally  shows  a 10%  enhancement.  The  best  cell 
to  date  shows  a 6.8%  natural  insolation  efficic.-:y.  Cells  are  generally  made  on 
Cu/Zn  substrates  with  a CdS  layer  of  20-25  nicron  thickness. 

Procedures  and  contvo.»s  have  bei  .iied  to  the  extent  that  transfer 
to  other  groups  aiul  organiz.  tions  can  he  successfully  accomplished. 

The  influence  of  temperature  and  illumination  intensity  on  Cell  I-V 
characteristics  have  been  used  to  identify  the  effective  barrier  height,  to 
isolate  the  effects  of  blocking  cor.tac  and  to  ron-destructively  determine 
the  stoichiometry  of  the  surface  copper  sulfide. 

A major  improvonent  in  reproducibility  and  cell  performance  has  been 
achieved  by  extensive  vacuum  heat  treatments  after  cell  gridding  and  lamination. 
Degrad,  tion  due  to  inleraction  with  oxygen  and  water  vapor  can  be  reversed  by 
either  hydrogen  or  vacuum  heat  treatment. 

Roof  top  testing  of  cells  protected  from  the  atmosphere  has  shown  no 
detectable  degradation  after  twenty  months.  Accelerated  testing  has  been  cor.ducted 
at  temperatures  from  46  to  85°C  in  various  ambients.  Lifetimes  (degradation 
to  1/e  of  initial  performance)  in  excess  of  twenty  years  have  observed  at  <50“C. 

It  is  concluded  that  suitably  hermetically  scaled  cells  will  be  adequately 
stable  for  terrestrial  applications. 

Quantitative  descriptions  of  the  short  circuit  current  have  been 
developed  and  the  ^pportance  of  reflection  from  the  substrate  in  front  wall 
cells  revealed. 

The  vinance  of  interface  recombii  ition  in  controlling  the  open  circuit 
voltage  has  been  identified. 

Structural  studies  have  resul'.'d  in  a more  complete  urdersianding  of 
tho  cell.  Minority  carrier  diffusion  ^ ;*-anccs  have  been  measured  in  actual  cells. 
Some  changes  occurring  during  degradation  have  been  identified. 

1)  ring  the  initial  part  of  the  program,  studies  of  toxicity  problems 
and  economic  assessments  established  tl'at  neither  of  these  c« -ns j .derations  presented 
likely  obstacles  to  large  sea?'"  utilization  of  CdS  ‘ ' .r  C^lis. 


CURKLNT  ACTiVITlIiS 


Various  techniques  to  increase  the  open  circuit  voltage  »re  being 
eiqploTed.  It  had  been  previously  observed  that  cells  nade  on  CdS  'deposited 
from  a single  source  gave  a consistently  higher  Vqc-  lurther  tests  liavc  mw 
shown  that  this  effect  nay  in  fact  relate  to  differences  in  source  and  substrate 
temperatures.  The  resulting  differences  in  CdS  structure  and  crystallinity 
are  being  documented.  Deposits  of  mixcti  CdS  and  ZnS  are  being  produced  and 
will  be  initially  made  into  ceils  using  the  conventional  barriering  techni<|ue. 
Precision  lattice  parameter  measurements  will  be  used  to  monitor  conposition. 

Analysis  of  I-V  char-'^teristics  at  •rniicratures  between  25  and  110*C 
is  being  perfected  to  provide  iton-destructivc  analysis  of  the  Cu?S.  Changes 
due  to  vacuum  heat  treatments  and  ex|M>sure  to  oxygen  arc  also  being  monitored 
by  the  same  technique.  In  a parallel  O.N.R.  program,  detailed  spectral  response 
measurements  are  being  made. 

Ultra-high  vacuum  equipment  is  being  readied  to  conduct  controlled 
reaction  experiments  between  the  copper- sail  fine  layer  and  atmospheric 
components,  to  be  followed  by  vacuun  heat  treatments.  In  situ  mass  spectroscopy 
will  identify  species  emitted  during  these  experiments. 

Direct  observation  of  the  Cu2S  layer  and  the  interface  with  CdS  is 
under  way  using  transmission  electron  microscopy.  Atmosphere  related 
degradation  will  also  be  followed  by  this  technique. 

FirrUKI:  PLANS 


Primary  thrusts  during  the  ne.\t  6 months  wil.  be  directed  towards 
achievii^  higher  open  circuit  voltages  and  the  fundamental  understanding  of 
degradation  mechanisms.  Techniques  to  be  attempted  to  achieve  the  former  will 
include  the  use  of  ZnS-CdS  mixtures  to  give  a better  lattice  and  clectr.:n 
affinity  natch  to  Cu2S,  also  the  effects  of  changes  in  tne  orientation  of  the 
CdS  will  be  erpiored. 

Both  theoretical  and  experimental  studies  will  be  made  to  identify 
more  critically  the  ch:inges  occurring  during  vacuum  heat  treatments  and 
exposure  to  the  atmosphere.  Support  studies  of  the  influence  of  doping  on  <opper 
diffusion  in  CdS.  the  properties  of  isolated  Cu2S  films  and  changes  in  minoiity 
carrier  diffusion  in  Cu2S  .-a  various  cells  are  expected  to  yield  valuable  results. 

KliY  RESULTS 

’Reliable  production  technique  developed  on  low  cost  metallic  substrate. 
l.arge  cells  (55  cm^l  of  mean  efficiency  '^5% 

Small  cells  (4  cm?)  of  mean  efficiency  *v6*a 
Best  cell  6.8%  . 

•Usable  cell  life  in  excess  of  20  years  supported  by  roof-top  and  accelerated 
testing 

.Quantitative  descript  on  of  short  circuit  current  Role  ot  CdS,  Cu2S  and  the 
interface  region  elucidated. 

•Dominant  role  of  interface  recombination  on  V,  ^ established.  (Conventional  model) 
•Structure  of  as-formed  cell  and  effects  of  degradation  substantially  established. 
•Regeneration  accomplished  by  vacuum  and  hydrogen  heat  treatment. 
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EFFIC€NCY  (%) 


Yield  of  4cm^  Cells  From  5 Copper  Substrates 
Processed  5/19/75  to  5/29/75. 

(Measured  on  Pilot  Line  Tungsten  ~ Iodine  Simulator) 
Average  Efficiency  = 5.50%  (20  Cells) 


EFFICIENCY  (%) 


446 


CURRENT  (mo/cm^) 
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SUPER-COOLING  OF 
HEXAGONAL  PHASE 
CELL  280  Cl 


(OUJ)  OSj 
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T in*C 


I03«C 


fO 


O 


■Li  li  I I 


b 


(^UJ3/0UJ)0p 


1 


00 

CM 


*»53 


l/KT(eV-') 


1.988  1.990  1.992  1.994  1.996  1.998  2.000 

CuxS 

Influence  of  vocuun  heat  treatment  on  the  mean  composition  of  Cu-S  phase 
The  hexagon--’,  chalcocite  phase  boundary  is  deduced  from  the  temperature 
variation  of  U5U 


CdS(002) 

CdS(iOI) 

I 


AXISN31NI  001 


X-RAY  ENEROY  K«V 

Energy  dispersive  x-ray  scan  of  a Cu  S iayer.  Chalcocite  (CuiS)  and  diurleite 
(Un.seS)  p.eaks  are  identified  in  the  top  curve.  The  lower  curve  resulted 
after  the  Cu  S layer  was  removed  by  KC.N. 


obtained  from  a vapor- grown  CdS  film.  The  insets 
t terns  from  their  corresponding  grains. 


FWR,  F * 2500  V/cm 


Calculated  current  densities,  including  reflection  losses  for  CdS/Cu,S  cells. 
PH-  - front  wiill;  BH  - hack  wall;  R - with  reflection.  F - field  in  CdS. 

F*0  unless  specified. 
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Band  diagram  for  cell  showing  junction  recombination  current  j^j^ 
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Abstract 

REACTIVELY  SPUHERED  THIN  FILM  PHOTOVOLTAIC  DEVICES 

Edmund  J,  Hsieh 
Lawrence  Livermore  Laboratoiry 
University  of  California 
Livermore,  California  94550 

duly  22-25,  1975,  Los  Angeles,  California 


The  overall  objective  of  our  project  is  to  apply  thin  film  sputtering 
techniques  to  form  low  cost  thin  film  photovoltaic  devices  from  materials 
with  direct  bandgap  absorption  characteristics  used  In  existing*  single 
crystal  solar  cells.  Also,  the  sputtering  approach  will  be  used  to 
Improve  the  performance  characteristics  of  polycrystal line  solar  cells. 

Our  Immediate  objective  Is  to  develop  a stable,  high  efficiency  thin 
film  CdS-Cu^S  cell  by  reactive  sputtering  techniques. 

There  has  been  a small  Internally  supported  R&D  effort  at  LLL  on 
CdS-Cu2S  solar  cells  during  the  last  two  years.  Over  the  last  few 
months  cells  have  been  made  by  the  RF  reactive  sputtering  of  Cu  In  a 
hydrogen-sulfide  and  argon  atmosphere  to  form  CU2S  layers  on  thermally 
evaporated  CdS  films.  A significant  characteristic  of  this  reactive 
sputtering  approach  Is  that  there  Is  no  dependence  on  an  Ion  exchange 
reaction  with  CdS  to  form  the  CU2S  layer.  The  major  findings  so  far  are: 

1.  Yield 

He  have  made  over  40  cells  by  this  new  process;  each  exhibited 
a photovoltaic  effect.  Even  though  the  evaporation  and  sputtering 
parameters  of  CdS  and  Cu2$,  respectively,  were  varied  Intentionally 
to  examine  the  latitudes  of  the  new  process,  no  adv  rse  effect 
on  yield  has  been  observed. 

2,  Efficiency 

The  best  observed  efficiency  so  far,  measured  In  sunlight,  was 
slightly  over  4%.  During  the  short  Investigation  period  our 
aim  was  primarily  to  learn  more  of  the  new  heterojunction- formation 
process.  There  was  little  effort  to  optimize  grid  design  and 
other  parameters.  He  observed  that  open  circuit  volU'ge  (OCV) 

462 


can  be  Influenced  by  sputtering  parameters  related  to  formation 

of  the  CU9S.  Me  measured  OCV  as  high  as  0.53  volts  In  s(»ks 
^ 9 

cells  Irradiated  by  100  mU/cm  simulated  sunlight.  We  expect 
even  higher  OCV  when  the  process  parameters  are  more  thoroughly 
Investigated. 

3.  Long  Term  Stability 

Within  this  short  period  of  testing,  the  new  process  cells 
were  stable.  Since  our  cells  were  not  encapsulated  no  long 
term  life  test  was  conducted  at  this  time.  In  c(Xiq>ar1son  with 
the  wet'dip  process  for  p-n  junction  formation,  the  sputtering 
process  minimizes  the  diffusion  of  Cu  Into  CdS,  and  Cd  Into  CU2S, 
and  should  result  In  a more  stable  Interface.  Also,  the  solid- 
state  deposition  of  Cu^S  reduces  the  chance  of  formation  of 
shunting  paths  along  the  grain  boundaries,  cracks  and  pin  holes 
In  the  CdS  substrate  and,  thus,  prevents  the  start  of  open 
circuit  degradation. 

In  the  short  run,  we  propose  to  exploit  the  additional  degrees  of 
freedom  made  available  by  the  new  process  to  optimize  the  efficiency 
of  CdS  cells.  We  plan  to  emphasize  CugS  Identification  techniques 
and  specification  of  the  sputtering  parameters  needed  to  obtain 
stoichiometric  chal cocite  layers.  Optimizatlcn  .<f  evaporated  CdS 
films.  Including  recrystallization  and  doping,  would  be  a part  of  the 
effort.  Also,  accelerated  life  tests  are  planned  to  verify  the  cell's 
long  term  stability.  . In  the  long  run,  we  would  like  to  use  reactive 
sputtering  to  form  both  films  of  the  solar  cell  In  a multiple  station 
system,  with  a closer  similarity  to  a production  process.  Finally,  our 
sputtering  approach  would  be  used  In  parallel  to  do  some  fabrication  of 
other  compound  semiconductor  thin  films,  such  as  InP  and  CuInSe2,  for 
use  with  CdS. 

We  have  proven  in  this  study  the  feasibility  of  a reactively  sputtered 
thin  film  CdS  - CU2S  solar  cell.  Identi  cation  of  thj  reactively 
sputtered  CugS  film  was  made  by  x-ray  diffractometer  and  spectro- 
transmlsslon  measurements.  Because  of  Its  simplicity,  economical  use 
0^  material,  and  high  yield,  the  reactive  sputtering  process  promises 
to  be  a low  cost  method  for  producing  CdS  - CU2S  solar  cells. 
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OBJECTIVE  OF  PROJECT 


REACTIVE 
THIN  FILM 
SPUHERING 


EXISTING  SOLAR 

POLYCRYSTALLINE 

CELL  MATERIALS 

CU2S  - cds  cell 

LOW  COST 
THIN  FILM 
SOLAR  CELL 
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REACTIVE  SPUHERING  GIVES  COMPOUND  FIU1S  FROM  SIMPLE  METALS 


POWER  IN 


Argon 

1 T 1 

4- 

TO 

H2S 

Vacuum 

Inlet 

Pump 
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CM 


ItliTiAL  SPUTTERED  THIN  FiUI 
CdS-Cu2S  cell  CCNFIGURATiON 


X.  CU2S  THICKNESS ~ 800  8 - 3000  S 
. CdS  THICKNESS 

* BEST  ffiASUSED  EFF  IK  SUNLIGHT  ~ « 

U.  1002  YIELD  OLtR  AO  DEVICES  WADE  SO  FAR 
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SUN1ARY  OF  KEY  RESULTS 


1.  PROVED  FEASIBILITY  OF  REACTIVELY  SPUTTERED  CDS-CU2S  CELL. 
A.  OVER  AZ  EFFICIENCY  MEASURED  IN  SUNLIGHT 

•.  ALL  CELLS  MADE  SHOWED  PHOTOVOLTAIC  EFFEa 

2.  ACQUIRED  CAPABILITY  TO  IDENTIFY  THE  REACTIVELY  SPUTTERED 
Cu2.qS  films. 

3.  PRELIMINARY  CHARACTERIZATION  OF  THE  REACTIVELY  SPUHERED 
r.D$-Cu2S  CELL. 

A.  HEAT  T::£ATMENTS  OPTIMIZE  CELL  PERFORMANCE. 

B.  CU2S  THICKNESS  INFLUENCES  OCV  & SCC 
c.  THINNER  CdS  UYER  CAN  BE  USED. 
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ACTIVITY  FOR  NEXT  6 NONTHS 

1.  ASSEMBLE  NEEDED  EQUIPMENT  AND  MATERIAL. 

2.  IMPROVE  CdS  cell  EFFICIENCY  ABOVE  BY 

A.  IMPROVING  CELL  DESIGN 

B.  IMPROVING  STOICHIOMETRY  OF  SPUTTERED  CU2S  FILM 
c.  DOPING  OF  CdS  (WITH  ZnS) 

3.  START  PRODUCING  CdS  CELLS  FOR  STABILITY  EVALUATION. 

A.  LITERATURE  SEARCH  FOR  OTHER  THIN  FILM  PHOTOVOLTAIC 
MATERIALS. 
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ABSTRACT 


The  objective  of  this  graot  is  the  investigation  of  heterojunction 
solar  cells  based  on  several  II*VI  compound  systems  suitable  for  large- 
scale  terrestrial  utilization. 

Several  II-VI  heterojunctions  show  premise  for  photovoltaic 
conversion  of  solar  energy.  The  three  of  greatest  interest  are  p-CdTe/n-CdS, 
p-CdTe/n-ZnSe,  and  p-ZnTe/n-CdSe.  The  last  of  these  three  is  of  interest 
primarily  as  an  opportunity  to  determine  the  effects  of  very  small  lattice 
mismatch  rather  than  as  an  actual  solar  cell.  p-CdTe/n*-CdS  heterojunction 
Mils  have  been  prepared  by  close-spaced  transport  deposition  of  p-CdTe 
on  single  crystal  n-CdS,  and  by  two-source  vacuum  evaporation  of  n-CdS  on 
single  crystal  p-CdTe.  Both  t]rpes  of  cells,  in  an  experiment  1 stage, 
are  quite  comparable,  exhibiting  values  of  quant«m  efficiency  between  0.5  and 
0.9,  open-circuit  voltages  between  0.50  and  0.66  V,  fill  factors  between 
0.4  and  0.6,  and  solar  efficiencies  up  to  4 percent.  Cells  of  p-ZnTe/n-CdSe 
have  also  been  made  by  close-spaced  vapor  transport  deposition  of  n-CdSe 
on  single  crystal  p-ZnTe. 

A detailed  program  of  heterojunction  evaluation  has  been  initiated, 

involving  (l)  J-V  characteristics  in  the  dark  vs  temperature  to  determine 

diode  properties  in  the  absence  of  illumination,  (2)  J-V  characteristics  in 

the  light  using  the  solar  simulator,  (s)  V vs  In  J as  a function  of 

oc  sc 

light  intensity  at  different  temperatures  to  determine  magnitudes  and 
temperature  dependence  of  key  diode  parameters,  (4)  Junction  capacitance 
vs  voltage  in  light  and  dark,  (5)  SEH  determination  of  minority  carrier 
diffusion  lengths,  (6)  optical  transmission  to  determine  exact  variation 
of  absorption  constant  with  photon  energy,  and  (?)  spectral  response  of 
J to  determine  dependence  of  quantum  efficiency  on  photon  energy. 

8C 
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Measurement  of  J-V  curves  in  the  dark  as  a function  of  temperature  for 
evaporateil  n-^CdS  on  p^CdTe  heterojunctions  reveals  two  ranges  of  behavior: 
above  the  current  is  thermally  activated,  2*4  and  is  independent 

of  temperature,  and  ® 1*9  z 10^  exp(-0.54  eV/kT)  A/em^;  below  250^K, 
tunneling  dominates,  M « 21  V ^ and  is  independent  of  temperat'tre,  and 
8 5*7  x'lO  A/cm^  independent  of  temperature*  and/or^  may  be 
light’^dependent,  as  evidenced  by  the  crossover  of  li^ht  and  dark  curves* 

Low  fill  factors  say  be  associated  with  a bias^ependent  quantum  efficiency* 

No  transient  or  quenching  effects  have  been  observed  in  this  system  at 
room  temperature* 

Making  ohmic,  lov-resistance  contacts  to  pH^e  has  been  a '^Jor 

problem*  Such  contacts  can  be  made  with  Ni  to  a surface  etched  with 

KjCrJ(>.:HJ50.:H^0,  after  heat  treatment,  if  the  CdTe  resistivity  is  less 
2 2 7 2 4 2 

than  10  ohm*cm*  Ohmic,  low^resistance  contacts  have  been  made  with  Ni 

to  133  ohm-cm  p*CdTe  after  implantation  of  the  CdTe  with  As.  Evidence 

is  conclusive  from  a variety  of  sources  that  the  contact  consists  of  a 

thin  Schott ky  bar.  »r  with  current  transport  dominated  by  tunneling* 

p-ZnTe/n-CdSe  heterojunctions  show  quantum  efficiencies  between 

0*18  and  0*30,  open-circuit  voltages  between  0*55  and  0*68  V,  fill  factors 

between  0*38  and  0*49,  and  solar  efficiencies  up  to  about  1 percent*  A 

bias-dependent  quantum  efficiency  is  indicated  due  to  short  diffusion  lengtb 

of  photoezcited  holes  in  CdSe*  V vs  In  J measurements  indicate  that 

oc  sc 

between  74^C  and  221^C  s(  changes  from  10*2  to  15*6  V ^ ^ from  3*25  to 

1*49)  and  J & i«3  x 10  exp(-0*33  eV/kT) , suggesting  thermally  assisted 

o 

tunneling  as  the  current  transport  mode* 

Future  work  Includes  detailed  correlation  of  diode  parameters  in  p-CdTe/n-CdS 
and  p-^nTe/n-CdSe  with  preparation  variables,  investigation  of  methods  to  increase 
th^^mductivity  of  both  surface  and  bulk  p-CdTe,  determination  of  the  proper- 
ties of  p-ZnTe/n-CdSe  Junctions  made  on  ( 111)  oriented  ZnTe  to  achieve  minimum 
lattice  mismatch  condition,  and  evaluation  of  p-CdTe/n-ZnSe  heterojunctions* 


ornx»((i»ui> 
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PROJECT  OBJEC?riVES 


INVESTIGATION  OF  HETERO JUNCTION  SOLAR  CELLS  BASED 
ON  SEVERAL  II-VI  COMPOUND  SYSTEMS  SUITABLE  FOR 
LARGE-SCALE  TERRESTRIAL  UTILIZATION. 
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PLANNED  ACTIVITY  LAST  6 MOMTOS 

* PREPARE  AND  INVESTIGATE  ALL  FUJI  p-CdTe/n-CdS  CELLS 

* OPTIMIZE  ELECTRICAL  CONTACTS  TO  p-CdTe 

* mtlNG  NEW  VACUUM  SYSTM  TO  FULL  OPERATING  POTE('  .IAL 

* BEGIN  EVALUATION  OP  OTHER  II-VI  HETEROJUNCTION  SYSTEMS 

p-ZnTe/n-CdSe,  p-CdTe/n-ZnSe,  p-ZnTe/n-CdTe 
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HETEROJUNCTION  EVALOATION 

* J-V  CHARACTERISTICS  IN  DARK  vs  TEMPERATURE 

Diode  properties  In  absence  of  illumination 

* J-V  (^ARACTERISTICS  IN  LIGHT 

Using  sol  r simulator,  determine  J , V , fill 
fa^'tor,  collection  efficiency,  solar  ef¥fciency 

* V vs  In  J PLOTS  AS  A FUNCTION  OF  LIGHT  INTENSITY  AT 

d¥^ferent  tSSperatures 

Diode  constant  at  different  temperatures,  J (t), 
and  effective  barrier  height  for  forward  currents 
in  ll^t 

* JUNCTION  CAPACITANCE  vs  V IN  DARK  AND  LIGHT 

Width  and  variation  of  depletion  layer 

SEM  DETERMINATION  OF  MINORITY  CARRIER  DIFFUSION  LENGTHS 

* OPTICAL  TRANSMISSION 

Absorption  constant  vs  i^oton  energy 

* SPECTRAL  RESPONSE  OF  J 

Variation  of  quantum  efficiency  on  {die  cn  energy 
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* DKHiE  CBUUICiratlSnCS  IK  THE  SMtK  vs  TBHPSRAaVBK 


T>  ^**K 

J * [exp  (qV/^  W)  - 

J = J®  exp  (-E»/W) 
o o ' 

^ = 2.4  B*  = 0.54  eY 

T <250^K 

J = J^jexp(4iv)  - 1*] 

J * 5.7  X A/<»* 

o ^ 

•^  = 21  v"^ 


* J and/or  It  ABB  Licar  OKPENDraiT  AS  BVIDOfCn)  BT  THE 
cioSSOVKt  LKST  AND  DARK  J-V  CURVES 

* A BIAS-DBI®(S8NT  OQLLBCTION  ^'ICIENCY  MAY  OGMIRIBDTB 
TO  liOV  FIU.  FACTORS 

* NO  TRANSIENT  OR  QUENCHING  EFFECTS  OBSERVED  AT  ROm 

TEMPERATURE 


482 


ELECTRICAL  PONT ACTS  TO  p-QITe 


* (»HIC,  L0V-BESI8TIVITY  COMTACT  TO  SURFACE  OF  p-CdTe  ETCHED 

WITH  KJOc^O'.a^SO'.HJi  FCSL  RKISTIVITY  < 10  (^-CM 
2 2 7 2 4 2 

* 0«IC,  LOV-RESISTIVITY  CONTACT  TO  SURFACE  OP  p-GdTe  IIO’LANTED 
WITO  As  FOR  RESISTIVITY  OF  133  Offlf-CM 

« OEVELOPMEIfT  OF  A **3-P0INT'*  IffiASURIHG  TECHNIQUE  THAT  ALLOWS 
CELL  EVALUATION  EVEN  IF  CCHfTACT^  NOT  IDEAL 

* EVAUJATI(»I  OF  OmiC  TO  NON-OHMIC  TRANSITICEI  BY  MEASURING 
(XN9TACT  FROPERTIK  vs  TEMPERATURE 

* MOBEL  FOR  CONTACT  INVOLVING  A THIN  SCHOTTKY  BARRIER  WITH 
CURRENT  TRANSPORT  DOMINATED  BY  TUNNELING 

Chemical  effect  of  etching 

Auger  analysis  of  contact 

Loe-^temperature  capacitance 

Quantitative  shape  of  temperature  dependence 
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OTHBa  II -VI  SYSTEMS:  p-ZtfTe/n-C<ISe 


* 11  HSmOJIINCTIOliS  MADB  BY  CLOSE-SPACE  VAPOR  TRANSPORT  OF 
CdSe  ONTO  snnax  crystal  Zncre 

* («IIC  LOW-RESISTANCE  CONTACTS  POSSIBLE  TO  ETCHED  p-ZnTe 


* 


TYPICAL  CELL  PARAMETEBS 

V 0.55  - 0.65  V 

oc 

Quantum 

Efficiency  0.18  - 0.30 

DIODE  CHARACrraiOTlCS  AT  22®C 
1dork= 

J dark  = 4.2x10  ® A/cm* 


Fill  Factor  0.38  - 0.49 
Solar 

Efficiency  0.55  - 0.85  percent 
Yli^t  " 

J lig^it  = 1.2xl0“*  A/cm* 

A • 


TEMPERATURE  DEPENDQICE  OF  DIODE  CHARACTlffilSTICS  IN  LDfflT 
Y at  74*C  =3.25  ^ at  221*C  = 1.49 

= 1.3  X 10“^  exp(-0.33  eV/kT)  A/cm* 
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SUMMARY  OF  KEY  RESULTS 


* CONTACTS  TO  p-CdTe  ARE  UNHERSTOOO;  (MIMIC,  LOW- 
RESISTANCE  (X)NTA(n‘S  CAN  BE  MADE;  CELLS  CAN  BE 
EVALUATED  EVEN  IN  TOE  ABSENCE  OF  IDEAL  CONTACTS 

* TWO  MECHANIC  DETECTED  FOR  J for  p-CdTe/n-CdS: 
HKMl-TQfPERATURE  THERMALLY  ACTIVATED  WITH  E*  = 0.54  eV, 
AND  LOW-TEMPERATURE  TUNNELING 

* J for  p-ZnTe/n-CdSe  IS  THERMALLY  ACTIVATED  AT  HIGH 
t£hpERATURES  with  E*  = 0.33  eV 

* EVIDENCE  FOR  A BIAS -DEPENDENT  (X>LLBCTION  EFFICIMCY 
(XMiTRIBUTING  TO  POOR  FILL  FACT(MIS 

* DEVELOPMENT  OF  VACUUM  EVAPORATOR  SYST^ 

* IMPORTANCE  OF  LIGHT  AND  PREPARATION  VARIABLES  ON 
J and 

o ( 
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PLANNED  ACTIVITY  FOR  NBXT  « NONTHS 


p-CdTe/n-CdS  HETBtOJDNCTIQNS 

Correlation  of  B*  witb  preparation  variables 
Determine  presence  and  extent  of  bias-dependent  collection 
efficiency 

Transient  measurements  at  low  T to  determine  effect  of 
light  on  J and 

Optimization  of  CdS  film  deposition 

ELECTRICAL  COiTACTS  TO  p-CdTe 

Evaluation?  for  other  metals  with  different  work  functions 
Investigation  of  methods  to  make  surface  hi^  conductivity 
Contacts  to  p-CdTe  films 

p-ZnTe/n-CdSe  HETEROJTOICTIONS 

Properties  of  Junctions  on  (ill)  oriented  ZnTe  to 
achieve  minimum  lattice  mismatch  (0.35  percent) 

Full  characterization  of  Junction  properties 

OTHER  SYSTEMS 

The  system  of  principal  Interest  is  p-CdTe/n-ZnSe 
Larger  "window” 

Larger  diffusion  voltage 

Susceptible  of  extension  to  p-CdZnTe/n-ZnSSe 
If  results  with  p-CdTe/n-CdS  warrant,  then  p-CdTe/n-CdZnS 


N76  12495 


INVESTIGATION  OF  THIN  FILM  SOLAR  CELLS 
BASED  ON 

CU2S  AND  TERNARY  COMPOUNDS  SUCH  AS  CuInSg 
BROWN  UNIVERSITY 


Principal  investigator:  J.J.  Loferski 
Talk  presented  by:  J.  Shewchun 


NSF/RANN  GRANT  GI-38102X 

1 July  1973  to  30  June  1976 
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Abstract 

The  work  at  Brown  University  is  concerned  with  the  production  and 
diaracterization  in  filra  form  of  GU2S  and  related  Qi  compounds  such  as 
CuInS2  for  photovoltaic  cells.  The  low  cost  process  technology  being 
examined, namely  the  sulfurisation  method  , is  capable  of  producing  films 
on  various  substrates.  Cathodoluminescence  is  being  used  as  a diagnostic 
tool  (in  conjunction  with  other  aids  such  as  x-rays,  scanning  electrcm 

and  021082  compounds.  Also,  single 
crystals  of  OilnS2  are  being  prepared  i^nd  it  is  contei^lated  that  p-n 
junctions  will  be  made  in  such  crystals. 

O12S  films  have  been  prepared  on  silicon,  cadmium  sulfide,  aluminum 
and  silica.  X-ray  analysis  is  used  to  identify  the  particular  phase  produced. 

A film  of  at  least  900QA**  of  Gu^  is  needed  to  make  a positive  identification, 
although  films  as  thin  as  4S0QA**  have  been  identified.  We  have  been  able  to 
^loy  cathodoluminescence  for  phase  identification  below  these  limits  with 
a minimum  detectable  limit,  at  preset,  of  about  ISOOA"  of  O22S.  Scanning 
electron  microscopy  is  being  @iployed  to  determine  structural  features  and 
homogeneity.  The  films  appear  to  consist  of  hexagonal  platelets  whose  size 
depends  on  film  thickness  (1500A**  of  Cu  yields  crystallites  of  % urn  diameter; 

9000A**  of  Cu  yields  crystallites  of  2 ym  diameter) . Thinner  films  show  ori^tation 
effects  vdiich  give  rise  to  a characteristic  x-ray  pattern  which  we  have 
previously  designated  UA. 

Qithodoluminesc^ce  measurements  have  been  further  refined.  Only 

CU2S  of  all  rhe  phases  gives  a luminescence  response  and  the  response  is  at 
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ndcrosccpy,  etc.)  to  identify  02^8 


2 


9660A®  (77“K)  with  a half  width  of  about  200A“.  This  is  laore  cliaractcristic 
of  a direct  transition  behaviour  an  contradiction  with  \diat  is  generally 
assumed  about  GU2S.  Cathodoluminescence  has  also  been  carried  out  on  heat 
treated  (200“C  in  air  for  5-30  min)  and  coffer  treated  (60A®  Cu,  200®C  in 
air  for  10-30  min)  films,  aiort-circuit  current  increases  by  factors  of 
about  8 (heat  treated) to  17  (copper  treated)  have  been  observed.  Corresponding 
to  this,  cathodoluminescence  reveals  s(»ne  interesting  behaviour.  For 
heat  treated  films  the  CU2S  peak  is  retained  but  there  is  a strong  background 
due  to  either  Oi  impurities  or  defects.  For  Cu  treated  films,  the  Qi2^  peak 
disappears.  In  the  case  of  Cu  treated  films,  x-rays  reveal  that  CU2S  is 
still  present  but  other  unidaitified  lines  are  also  preset. 

Diodes  formed  on  single  crystal  CdS  have  reasonable  1-V  characteristics 
with  V *'*  0.45  - 0.5  volts.  Although  method  efficiencies  have  only  been 
about  1%  (AMI) , no  optimization  of  the  process  has  been  carried  out. 

During  the  next  six  months  we  plan  to  optimize  the  process  for  sulfur- 
ization  of  Cu  on  single  crystal  CdS  with  the  objective  of  cell  efficiencies 
of  'V/  5%.  We  plan  to  construct  all  thin  film  cells  consisting  of  (a)  Cu 
sulfurized  on  quartz  or  metal  subst  tes  followed  by  (b)  deposition  of  a 
suitable  semiconductor  - CdS  or  a more  optimum  mate.  Cathodoluminescence 
diagnostics  will  be  refined  since  they  appear  capable  of  identifying  the 
phase  of  Cu^S  responsible  for  the  strong  photovoltaic  effect.  In  addition 
we  plan  to  ejqjand  our  activity  on  the  growth  of  CulnS2  crystals  and  pre- 
paration of  p-n  junctions. 
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Program  Ob.lectives 


(1)  Preparation  and  characterization  of  Cu^^S  and  CuInS^  films  on 
various  substrates  for  photovoltaic  cells  using  sulfiirlzatlon 
of  deposited  Cu  and  Cuin  films. 

(2)  Investigate  cathodolumlnescence  as  a diagnostic  tool  for 
Identifying  Cu^^S  and  CuInS2  compounds. 

(3)  Preparation  of  single  crystals  of  CuInS^  and  p-n  Junctions 


4« 
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Siawnary  of  results 


1)  CU2S  films  prepared  on  Silica,  Aluminum,  Silicon,  CdS  - no 
limitation  on  substrates. 

2)  Cathodoluminescence  can  be  used  as  diagnostic  tool  to  identify 
CU2S  and  copper  impurities. 

3)  Junctions  on  CdS  and  Si  exhibit  up  to  U n without  process 
optimization. 

4)  "Heat  treatments"  and  "Cu  treatments “ can  Increase  SSC 

by  over  1 order  of  magnitude. 


Planned  Activity  for  Next  6 Months 

1.  Optimize  process  for  sulfurization  of  Cu  on  single  crystal 
CdS  - objective  is  cell  with  -v.  S%  efficiency. 

2.  All  thin  film  cells 

(a)  Cu  sulfurized  on  quartz  or  metal  followed  by 

(b)  Evaporation  of  semiconductor  - CdS  or  more  optimum  mate 

3.  Growth  of  CuInS2  crystals  and 

Preparation  *^of  p-n  junctions 

4.  Refinement  of  cathodoluminescence  diagnostics 

5.  Co-operation  with  University  of  Maine 
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SESSlCMi  VII 


OTHER  APPROACHES  1 
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Arthur  DLttle  Inc 


ABSTRACT 


An  eighteen  month  program  was  initiated  July  1,  1974  to  determine  the 
feasibility  of  producing  GaAs  single  crystal  ribbons  suitable  for  solar  cell 
substrates.  Constrained,  encapsulated  molten  zones  are  passed  through 
rectangular  polycrystalline  feed  material  to  form  single  crystal  ribbcns. 

The  objective  of  this  program  is  to  grow  10  cm  x 1 cm  x 0.1  cm  single 
crystals  by  a process  that  is  amenable  to  continuous  growth. 

During  the  past  six  months,  two  methods  have  been  used  to  establish 
passage  of  a molten  zone  through  ribbon  GaAs  feedstock;  direct  coupling 
with  rf  to  the  GaAs  and  constrained  zone>melting  in  B2O3  sealed  graphite 
boats.  Establishment  of  a narrow  molten  zone  by  direct  rf  coupling  to 
GaAs  was  shown  to  be  limited  by  the  large  skin  depth  required  for  heating 
GaAs  as  compared  to  the  desired  ribbon  thickness. 

Polycrystalline  GaAs  ribbons  have  been  grown  in  graphite  boats  by 
passage  of  a wide  zone  through  B20.-encapsulated  feed-stock,  confined 
by  a quartz  cover  plate.  Failure  to  remove  the  encapsulant  above  its 
glass  transition  temperature,  however,  resulted  in  cracking  of  the  ribbons 
on  cooling  to  room  temperature.  In  order  to  study  the  crucial  zone 
melting  step  in  isolation  from  the  encapsulation  steps  of  the  continuous 
process,  a horizontal  constrained-zone  melting  apparatus  made  from  graphite 
was  used  in  which  a boron  oxide  moat  serves  only  as  a sealant  to  suppress 
arsenic  vaporization.  Helt  zones  were  passed  through  5 and  10  cm  long 
samples  of  GaAs  ribbon  feedstock.  By  controlling  the  heat  flow  in  the 
graphite  boat  and  controlling  the  zoning  rate,  large  grained,  single 
phase  polycrystalline  samples  with  directional  solidification  and  good 
thickness  control  were  achieved.  Arsenic  vaporization  was  effectively 
suppressed  at  the  melting  point  of  GaAs  (1240°C)  by  the  moat  and 

3 atmospheres  of  pressure. 

A vertical  constrained-zone-n»lting  apparatus  with  a moat  seal, 

rf  heating,  and  water  cooling  on  the  bottom  will  be  used  to^control  the 
heat  flow  and  temperature  patterns  required  for  growth  of  single  crystal 
ribbons.  These  conditions  will  then  be  adapted  to  a continuous  growth 
process. 

Contribution  Personnel:  Dr.  Joan  B.  Berkowitz,  Principal  Investigator 

Joseph  Uenckus 
David  L.  Richardson 
Dr.  Peter  E.  Glaser 
Dr.  John  Haggerty 
Wilson  Menashi 
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RIBBON  GROWTH  OF  GALLIUM  ARSENIDE 
NSF  Grant  GI-43093 
A.D.  Little.  Inc. 

July  1. 1974  - Oe<»mber  30, 1975  (18  Months) 

$ 164,000  ADL 

$ 60,000  MIT  (Crystal  Characterization) 

Dr.  Joan  Berkowitz,  Principal  Investigator 


PROJECT  OBJECTIVES 

• To  grow  and  characterize  GaAs  substrate  ribbon  single  crystals 
10  cm  long  x 1 cm  wide  x 0.1  cm  thick 

• To  develop  designs  for  a continuous  growth  experimental 
apparatus 
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QUARTZ  TAPE 
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ACUVITY  during  the  last  6 MONTHS 

Tests  with  Direct  Coupling 
Horizontal  Confined  Growth 
Characterization  of  Specimens 
Vertical  Confined  Growth 


DIRECT  COUPLING 

Temperature  Limit  of  900% 

Skin  Depth  for  RF  Heating  if  Greater 
Than  Crystal  Thickness 

GaAs  Spalled  by  B2O3  in  Direct  Contact 
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HORIZONTAL  CONFINED  GROWTH 

Constraint  of  the  Molten  Zone 
B2<^  Does  Not  Contact  Bie  QaAs 
GaAs  Does  Not  Wet  the  Graphite 


RF  Induction  Coil 


Gas  Cooling  Jets 


Quartz  Tube 


Assembly  for  Confined 
Ribbon  Crystal  Growth 


Molten  Zone 
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ORIGINAL  PAGE  M 
OP  POOR  QUAIJTY 


SUMMARY  OF  KEY  RESULTS 


• Confined  Melt  Zone 

• Directionel  Solidificetion 

• Control  of  Arsenic  Veporization 

• Single  Fnese  Polycrystalline  Material 


PLANNED  ACTIVITY  FOR  THE  NEXT  6 MONTHS 

• Experiments  with  Vertical  Confined  Growth 

• Physically  Characterize  Crystals 

• Design  Continuous  Growth  Apparatus 


PLANNED  RENEWAL  REQUESTS  - Jan.  1976  - July  1977 

• Construction  of  Experimental  Continuous  Growth  Apparatus 

• Optimization  of  Process  with  Respect  to  Energy  and  Cost 

• Solar  Cell  Development  and  Characterization 
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N76  12497 

Project  Title:  EXPLORATORY  STUDY  ON  MICROANALYSIS  OF  THIN 

FILMS  BY  BACKSCATTERING  TECHNIQUES 
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Amount:  $130,400.00 

Principal  Investigators:  James  W.  Mayer 
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Paper  presented  on  July  24,  1975  at  the  National  Solar  Photo- 
voltaic Program  Review  Meeting,  Los  Angeles,  California, 

July  22  - 25,  1975. 
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OVERALL  OBJECTIVES 


1.  To  use  backscattering  spectrometry  in  the  1-2  MeV  range 
for  the  determination  of  the  composition  and  the  detection 
of  interdiffusion  in  thin  film  structures  of  interest  to 
photovoltaic  conversion. 

2.  To  investigate  the  solid-phase  epitaxial  growth  (SPEC)  of 
Si  layers  at  low  temperatures obtained  by  interdiffusion 
processes . 

3.  To  investigate  backscattering  spectrometry  in  the  sub-MeV 
range  and  to  assess  its  possibilities  and  problems. 

Caltech  2 


PLANNED  ACTIVITY  FOR  LAST  SIX  MONTHS 


1.  Investigate  electrical  properties  of  the  SPEG  layer. 


2.  Investigate  the  possibility  of  SPEG  with  metal  films  other 
than  Pd  as  transport  medium. 


3.  Investigate  BS  below  1 .‘ieV 
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exploratory  study  on  microanalysis 

OF  THIN  FILMS  BY  BACKSCATTERING  TECHNIQUES 

by 

James  W.  Mayer  and  Marc-A.  Nicolet 

California  Institute  of  Technology 
Pasadena,  California  91125 


I.  SPEC 


ABSTRACT 


To  be  potentially  useful,  SPEG  layers  must  have  con- 
trollable electrical  characteristics,  particularly  with  regards 
to  conductivity  type  and  resistivity  value.  Efforts  were  there- 
fore undertaken  to  establish  that  such  a control  is  possible. 

We  added  one  processing  step  to  the  standard  sample 
fabrication  procedure  by  vacuum-depositing  a thin  layer 
(nominally  5^)  of  Sb  before  the  deposition  of  the  amorphous 
Si  layer,  as  shown  in  diagram  labelled  Caltech  4 (C4) . Anneal 
steps  remained  unchanged.  The  resulting  SPEG  layer  was  ana- 
lyzed in  four  different  ways:  (a)  Auger  Electron  Spectroscopy 
(see  C 5),  performed  after  the  uppermost  Pd  Si  layer  was  removed, 

X y 

confimned  that  Sb  was  present  within  the  SPEG  layer  of  Si.  (b) 
The  I (V)  characteristics  of  the  SPEG  layer  against  the  Si  sub- 
strate (<100>,  1-10  flcm  p-type)  was  rectifying,  and  the  layer 
itself  afforded  good  electrical  conductivity  and  easy  ohmic 
contacting  witfc  W wires  via  the  P^j^Siy  layer  (see  C6) . (c)  A 

scanning  picture  of  a cleaved  sampled  taken  in  the  t 

electron-beaii’'-ir  dUwSc.l  current  mode  established  the  presence  of 
a depletion  region  more  than  1 u below  the  surface  (see  C7  and 
C3).  (d)  Hall  effect  data  indicated  that  the  SPEG  layer  was 

n-type,  had  an  average  free  carrier  concentration  of  about 
10  ^ cm  and  an  average  electron  mobility  of  about  40  cm  /Vs 
(see  C9) . These  results  apply  to  a typical  sample  obtained  with 
initial  layers  of  about  lOOoS  Pd,  5 8 Sb  and  1 p of  amorphous  Si 
annealed  in  vacuum,  first  at  280**  for  30  min  and  then  under 
slowly  increasing  temperatures  (^  0.2  ®C/min)  up  to  525  ®C. 

The  evidence  that  the  layer  is  n type  and  well  doped  is  con- 
vincing. We  plan  to  determine  the  properties  of  the  doped  SPEG 
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layers  more  accurately,  and  to  try  other  methods  of  intro- 
ducing the  dopant  species  of  various  kinds.  The  main  problems 
are  inadequate  process  control  and  marginal  sensitivity  of 
analytical  tools. 

SPEC  with  Pd2Si  as  transport  layer  has  two  stages  (see 
CIO) : (a)  Initial  fast  (~10  2/s  at  500®C)  transient  regime.  The 
growth  starts  with  islands  which  ultimately  join  to  form  a 
layer  (Cll) . The  final  thickness  is  equal  to  that  of  the 
initial  Pd2Si  layer  (C12) . (b)  Steady  state  regime.  The 

growth  is  much  slower  (~  1 2/s) , linear,  and  independent  of 
the  thickness  of  the  transport  medium  (C13) . The  rate  is  thus 
not  diffusion-limited. 

SPEC  with  Ni  silicide  in  lieu  of  Pd  silicide  as 
transport  medium  has  been  demonstrated  by  backscattering  spec- 
trometry (C14) . As  a whole,  Ni  SPEC  is  quite  similar  to  that 
cf  Pd  SPEC  (CIS) . The  transient  is  less  distinct,  because 
slower,  and  in  the  steady  state  regime,  the  boundaries  of  the 
transport  medium  lose  their  definition  as  the  growth  proceeds, 
which  indicates  poorer  quality  of  the  grown  layer.  Reactions 
require  temperatures  which  are  typically  90®C  above  the  corres- 
ponding temperatures  of  Pd  SPEC. 

II.  BACKSCATTERING  SPECTROMETRY  (BS) 

To  develops  BS  at  energies  below  1 MeV,  depth  calib- 
ration must  be  provided  first  by  absolute  measurements  of  stop- 
ping cross  sections.  Typical  past  errors  of  ± 10%  are  unde- 
sirably large.  We  have  compared  various  methods  of  data 
evaluation  and  their  errors  with  computer  programs  tested  against 

4 

real  He  spectra.  All  methods  can  attain  a few  %,  but  values 
derived  from  films  of  known  mass  per  unit  area  are  generally 
most  reliable.  Main  sources  of  errors  are  caused  by  detector 
noise  and  background  signals.  Absolute  measurements  are  planned 
next. 

Summaries  of  main  results,  major  problems,  planned 
activity  and  renewal  proposal  are  given  in  C16  to  C19. 
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INTENSITY  (Arbitrary  Units) 


SPUTTERING  TIME  (min.) 
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COMPARISON  OF  SPEC  WITH  Pd  AND  Ni 


SAMPLE 

Substrate 
Metal  Film 
Si  (a)  Film 

FORMATION  OF  TRANSPORT  MEDIUM 
Typical  Temperature 
Typical  Time 
Composition  by  BS 

bi  <-rays 

TRANSPORT  OF  Si 

Typical  Temperature 
Transient  Rate 
Fojnn 

Steady  State  Rate 
Structure 

Apparent  Activation  Energy 


Pd 

Ni 

<100> 

<100> 

-1000 

-1000 

8 

-1 

-1 

urn 

280 

350 

“C 

30 

30 

min 

Pd  2 

sI  ■ 1 

Ni  1 

Si  1 

PdzSi 

Nisi 

-500 

-590 

®C 

-10 

-2 

8/s 

island 

no  is Tar 

~1 

-1 

8/s 

epitaxial 

epitaxial 

(poor) 

-4 

-4 

eV 
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SUMMARY  OF  KEY  RESULTS 


1.  Doping  of  SPEC  layers  is  possible; proof  obtained  with  Sb 
and  established  via; 

- I(V)  characteristics 

- Hall  effect  measurements 

- EBIC  u-probe  pictures 

- AES 

2.  SPEC  with  Pd2Si  has  two  stages; 

Initial  transient  regime 

- 10  A*/s  rate 

- island  growth 

- thickness  = that  of  Pd2Si  layer 
Steady  State  regime 

- 1 A®/s  rate,  independent  of  Pd^Si^  layer  thickness 

- continuous  film  growth 

3.  SPEG  with  Nisi  also  works;  generally  similar  to  SPEC  with 
Pd2Si; 

- Corresponding  process  temperatures  are  typically 
■V  90°C  higher  for  Ni 

- Layer  quality  presently  inferior  to  obtained  with 
PdjSi 

4.  Identified  best  methods  for  stopping  power  measurements 
below  1 MeV  from  backscattering  spectra. 
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MAJOR  PROBLEMS 


SPEC 

Control  of  fabrication  processes 

- cleanliness  of  interfaces 
~ purity  of  deposited  layers 

- amount  of  doping 
~ annealing  ambient 

Characterization  ot  final  product 

- limitations  of  analytical  tools 


BS 

Limitations  in  system 

- detector  noise 

- preamplifier  noise 
Limitations  in  target 

~ purity 

- thickness^ 

2 / density 
“ mass/cm^  ) 
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PLANNED  ACTIVITY  FOR  NEXT  SIX  MONTHS 


1.  Characterization  of  doped  SPEC  layers. 

2.  Doping  of  SPEC  layers  by  other  dopants  or  other  incorporation 
methods. 

3.  Compare  SPEC  with  regrowth  of  amorphous  Si  layers  on  single 
crystal  Si  substrates. 

4.  Obtain  stopping  cross  sections  in  0.3  - 1.0  MeV  range. 

Caltech  18 
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PLANNED  RENEAfAL  REQUEST 


Major  Goals 

Investigate  SPEC 

Assess  practical  potential  of  SPEC  to  solar  cell,  and  to 
semiconductor  devices  generally 

Liberate  SPEC  from  single  crystal  substrate 

Develop  sub-MeV  backscattering  spectrometry 


Estimated  Dates  and  Costs 

August,  1976  to  August,  1978  (24  Months)  $150,000.00 


Caltech  19 
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N76  12498 


LOW  COST  AMOS  SOLAR  CELL  DEVELOPMENT 


Richard  J.  Stirn 

Jet  Propulsion  Laboratory,  Pasadena,  California 
ABSTRACT 

Recent  developments  at  JPL  have  demonstrated  that  high  conversion 
efficiencies  are  possible  with  GaAs  metal-semiconductor  solar  cells  when  a 
particular  heat  treatment  processing  step  is  used  to  introduce  ar  interfacial 
layer  between  the  metal  and  tlie  semiconductor.  The  new  cell  called  AMOS 
(Antireflection-Coated  Metal-Oxide-Semiconductor),  has  open-f  voltages 

of  0.68-0.72  volts  and  efficiencies  of  15^  under  terrestrial  sunligra,  as 
compared  to  values  of  O.Up-O.US  volts  and  10^,  respectively,  for  similar 
cells  without  an  interfacial  layer.  Potentially  higher  efficie  .es  are 
feasible  as  further  improvements  are  made  in  optimizing  the  interfacial 
layer  effect  and  in  increasing  the  blue  response  of  the  c«lls.  These 
developments  clearly  indicate  the  desirability  of  Investigating  a thin  film 
version  of  the  AMOS  solar  cell  which  could  better  the  economic  goal  of  $0.50 
per  peak  watt  with  an  efficiency  greater  than  10^. 

The  thin  film  AMOS  cell  proposed  is  unique  in  t'^at  a thin  r_crystallized 
germanium  (Ce)  layer  is  used  between  a lo/»  cost  metal  substrate  and  the  vapor 
phase  epitaxially  (VPF.)-grown  GaAs.  It  has  already  been  shown  that  Ge  films 
can  be  recrystallized  to  millimeter-sized  crystallites  by  the  use  of  scanning 
electron  beams.  Indeed,  even  lateral  growth  of  single  crystal  Ge  ho.s  been 
demonstrated  on  tungsten  which  was  dipped  and  withdrawn  from  a melt  of  Ge. 

In  the  proposed  program,  laser  beams  will  be  primarily  used  to  investigate 
recystaliization.  Later  versions  of  the  cell  may  be  able  to  dispense  with 
the  Ge  layer,  as  it  may  be  possible  to  recrystallize  GaiVs  «o  sufficient  degree 
using  techniques  developed  for  the  Ge  layer.  This  possibility  will  not,  however, 
be  explored  in  the  early  pha.*'es. 

The  Ge  xaycr,  used  as  a substrate  for  VPE-grown  GaA? , will  provide  a 
more  ordered,  larger-grained  GaAs  film.  The  increased  ord  , the  use  of  a 
semiconductor  with  high  light  absorption,  and  the  inher  nt  properties  of  t*  e 
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netal-semiconductor  contact,  should  give  considerably  h*  . icr  cvarent  and 
voltage  outputs  than  have  previously  been  obtained  in  polycrystalline  thin- 
film  solar  cells.  The  availability  and  cost  of  aiaterials  are  satisfactory 
for  the  sunounts  required  and  the  fbbricntion  steps  envisioned  for  large- 
scale  production  aro  amendable  to  continuous  or  quasi-continuous  processing. 

An  ancillary  progr«ia  for  citLsiiiog  the  newly  added  AMOS  •'recessing 
step,  which  leads  to  markedly  higher  voltage  outputs,  is  proposed.  This 
pre^ram  will  utiliae  electrical  and  chemical  analysis  measurements  to  better 
understand  the  pertii.ent  interface  ( oxide- seoicci:  . ctor)  properties,  so  that 
the  appropriate  process  can  be  added  to  the  low-cost  AMCS  ce-1  prcg..aa  when 
suitable  thin  films  are  available. 

Bie  electrical  MOE-type  measureoients  will  be  performed  at  the  Pennsylvania 
State  University  on  a subcontract  This  program  will  supplement  an  existing 
theoretical  contract  with  the  University  (Prof.  Stephen  Fonasb)  to  invest- 
igate the  interfa.ial  layer  ».  The  measurements , along  with  transient 

capacitance  naasurenents  at  JPL,  will  attempt  to  deterndne  surface  state 
•iistribution  in  the  band  gap,  surface  otat?  capture  cross  sections,  surface 
state  type,  and  surface  charge,  modified  to  account  for  the  fact  that  tunneling 
currents  are  flowing  through  the  ultra- thin  layers.  These  data  will  complement 
studies  of  the  chemistry  of  the  interface  region  using  ESCA  (Electron  Spec- 
troscopy i or  Chemical  Analysis)  facilities  at  ,TPL, 

Th';  parametri'*  studies  fey  optimum  GaAs  growth  by  vapor  phase  epitaxy 

on  Ge  films  will  be  performed  by  Applied  Ifeterials,  Inc.  The  company  has 

be«;a  a supplier  of  exceptionally  Mgh  quality  single  crystal  G&.ls,  having 

minority  carrier  diffusion  lengths  for  holes  of  3-*^  microns,  even  with  doping 

17  -3 

concentrations  up  co  10  cm  . Tte  investigacioa  will  be  focused  on  the 
nucleaticn  characteristics  of  varioas  substrates  as  to  how  they  are  affected 
by  temperature  and  growth  rate.  The  latter  is  sensitive  to  the  ..atio  of  the 
As-duc  Ga-bearing  gases  and  to  tne  concentraticfs  in  each  o^  these  gases. 

As  Ge  and  GaAs  films  ara  developed,  the  structural  characteristics  of 
the  films  will  be  examined  by  optical  and  scanning  electron  micrcocopy,  and 
various  x-ray  techniques  to  ctaracterize  the  grain  siz**  and  of  disorder, 
preferred  orientation  J^slocation  density.  Metax- semiconduct or  solar 
cells  will  be  fabricated  on  GaAs  filn.r.  a-,  they  become  available  with  particular 
iuserest  in  the  surface  preparation  required,  if  any,  and  the  thicknes  of 
the  semitransparent  metax  film  require'’  for  ’sable  s^eet  rasistances. 
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Th*  stanciarc  optioal,  electrical  and  photovoltaic  measurements  will  be  made 
on  the  cexls,  as  well  as  scanning  electron  microscopy  (in  the  beam^inducec 
conductivity  mode)  to  observe  grain  boundary  effects  on  current  collection. 

Tne  efficiency  to  be  expected  may  be  estinated  from  the  single-crystal 
crllo  already  constructec.  Estimating  the  current  loss  at  ?0<  (duo  to  the  tse 
c f a :>omewnat  thicker  semitransparent  metal  film  and  a reduced  minority  carrier 
diffusion  length  of  about  one-half)  and  a 10»j(  loss  in  voltage  (due  to  some 
barrier  lowering  at  the  few  grain  boundaries),  a long  term  goal  of  IP-lU^ 
<!onvcrcion  efficiency  for  a thin-film  AMOS  solar  cell  seems  reasonable. 

In  summeary,  the  research  plan  involves  the  interaction  of  three  rajor 
groups:  (l)  the  Research  Group  at  JPL,  (2)  Pennsylvania  State  University, 

and  (3)  Applied  Materials,  Inc,  JPL  will  select  the  best  substrates  for  Ge 
deposition^  recryjtallize  the  Ge  film  by  scanning  laser  or  electron  beams, 
characterize  the  Co  and  CaJVs  films,  fabricate  and  test  metal-semiconductor 
sc.^ar  ceils  on  the  GaAs  films,  and  perform  ESCA  measurements  of  the  A^^S 
iatorfacc  region  on  single  crystal  GaAs,  Pennsylvania  State  University 
will  ;eterrrc*ce  tr.e  interface  electronic  properties  of  the  AMOS  solar  cell 
and  .rx elate  witn  theoretically  determined  optimum  characteristics. 

Filially,  Applied  Materials,  Inc.,  will  provide  the  parametric  studies  for 
optimum  GaAs  growth  by  vapor  phase  on  Ge  film^ . 
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LOW  COST  AMOS  SOLAR 
CELL  DEVELOPMENT 

GUIDANCE  AND  CONTROL 
RESEARCH  GROUP 

JET  PROPULSION  LABORATORY 

PROPOSED  START  DATE  : SEPTEMBER  1,  1975 

$ 225,250 

PRINCIPAL  INVESTIGATOR  : RICHARD  J.  STIRN 


PRESENTED  AT  : NATIONAL  SOLAR 
PHOTOVOLTAICPROGRAM  REVIrW 
MEETING,  UCLA 

JULY  22-25, 1975 
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OBJECTIVE 

• DEMONSTRATE  THE  FEASIBILITY  Of  ALOW-COSTTHIN-FILM  GALLIUM 
ARSENIDE  SOLAR  CEU 

• RECRYSTAUIZE  Ge  FILMS  ON  LOW  COST  SUBSTATES 

• OPTIMIZE  GaAs  VPE-GROWTH  ON  Ge  FILMS 

• FABRICATE  AMOS  SOLAR  CELLS  ON  GaAs/Ge  FILMS 

• INVESTIGATE  INTERFACE  PHYSICS  AND  CHEMISTRY 
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PER  CENT  EXPANSION  FROM  ZfC 


LIK2AR  COEFFICIENTS  OF  EXPANSION 


DEPENDENCE  OF  SHORT-CIRCUIT  CURRENT 
IN  A GaAs  MS  SOLAR  CELL  ON 


I 

9 

o< 

0 ^ 

01 

8 

8 

8 
8 

CO  rs.  <o  lo  CO  CM 

lN3»anD  linDai>XaOHS  3AIXV13JI 
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GOLD  THICKNESS 


8 V 1 ^ * A W.A  A A 1*  • AAm.*  ..*.>(1 

f 1 ' - T * • *'  '■  \ 

1 rry 

iu.1  J 1 

MATERIAL 

ANNUAL  . 
REQUIREMENT^ 

PRESENT  ANNUAL 
PRODUCTION  b 
(DEfiiANDLIMITEO) 

IDENTIFIED 
WORLD  K 
RESOURCES  ° 

Gs 

92.5 

not  given 

1.3x105 

As 

89.5 

5x10^ 

1.6x10^ 

Ge 

168 

-100  (1971) 

oo 

X 

Au 

1.9 

■ 

® ASSUMES  500MW;yR  or  5x10^  @ 10?.  EFFICIENCY,„80it  UTILIZATIO.N. 

THI CK.MESS  OF  GaAs  AND  Ge  LAYERS  TO  BE  SUM,  100  A THI CK  Au 
LAYER  WITH  10?.  GRID  COVERAGE 

U.S.  MINERAL  RESOURCES,  U.S.  GEOLOGICAL  SURVEY  PROF. 

PAPER  820, 1973 
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MATERIAL  COSTS 
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OF  SEMICONDUCTORS  AND  CaO. 


CONCEPTUAL  DIAGRAM  OF  A POSSIBLE  THIN  FILM 
AMOS  PRODUCTION  UNE 
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FORMATION) 


PLANNED  ACTIVIES 


• SELECT  SEVERAL  CANDIDATE  LOW  COST  SUBSTRATES 

• FABRICATE  TWO-DIMENSIONAL  LASER  SCANNING  APPARATAS 
FOR  RECRYSTALLIZATION  STUDIES  ON  GERMANIUM  FILMS 

• DETERMINE  OPTIMUM  GaAs  GROWTH  PARAMETERS  ON  SINGLE 
CRYSTAL  AND  RECRYSTALLIZED  GERMANIUM  SUBSTRATES 

• PERFORM  CHEMICAL  ANALYSIS  OF  INTERFACE  REGION  WITH  ESCA 
SPECTROSCOPY  ON  SINGLE  CRYSTAL  AMOS  SAMPLES  TO  INVESTIGATE 
ALTERNATE  PROCESSING  STEPS 

• LET  CONTRACT  TO  CONDUCT  CAPACITANCE-CONDUCTANCE 
MEASUREMENTS  ON  SINGLE  CRYSTAL  AMOS  SOLAR  CELLS 
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SILICON  SCHOTT^/  PHOTOVOLTAIC 
DIODES  FOR  SOLAR  ENERGY  CONVERSION 
(GRANT  AER73-05197) 


RUTGE..3,  The  State  University  of  New  Jersey 
Electrical  Engineering  Department 
New  Brunswick^  New  Jersey  08903 


Grant  Period  June  1975  - Nov.  30,  1976 

Grant  Amount  $28,700 

Principal  Investigator  Wayne  Anderson 


July  1975 


SILICON  SCHOTTKY  PHOTOVOLTAIC  DIODES  FOR 


SOLAR  ENERGY  CONVERSION 

Wayne  A.  Anderson 
Electrical  Engineering  Department 
Rutgers  University 
New  Brunswick,  N.J.  08903 


ABSTRACT 


Schottky  barrier  solar  cells  (SBSC)  are  fabricated  on  <100>, 

O 

2 Q-cm,  p-type  silicon  using  an  A1  ohmic  contact,  50  A Cr  and  then 

O 

50  A Cu  Schottky  contact,  A1  current  grid,  and  SiO  antireflection 
coating.  Past  research  was  directed  towards  showing  the  potential 
of  a SBSC  in  solar  energy  conversion.  The  present  project  is  de- 
signed to  improve  understanding  of  the  SE.'C,  improve  efficiency  to 
12%,  and  evaluate  potential  towards  thin  film  silicon  applications. 
Figures  4-10  summarize  progress  in  evaluating  the  various  vari- 

O 

ables  in  fabrication.  At  least  40  A Cr  metal  is  necessary  for  a 
good  fill  factor  but  Cx*  alone  has  too  high  a sheet  resistance.  Cu 

O 

alone  gives  low  open  circuit  voltage  • About  40  A Cr  and  50- 

O 

60  A Cu  produce  the  best  combinatio;  for  high  voltage,  current  (J) , 
and  fill  factor  (F) . It  has  also  been  shown  that  removal  of  the 

O 

5-10  A interfacial  oxide  layer  between  silicon  and  Cr  which  grows  dur- 
ing heat  treatment  leads  to  reduced  V . Both  the  oxide  and  Cr  are 

oc 

necessary  for  a high  Modification  of  the  heat  treatment  cycle 

changes  the  oxide  thickness  leading  to  modification  of  A 

sputtered  Cu  layer  reduced  V^^  due  to  Cu  atom  penetration  into  the 
silicon.  <100>  silicon  gives  higher  and  F than  does  <111>  silicon. 
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Large  area  solar  cells  have  lower  F than  small  area  ones.  This 
shows  the  importance  of  finger  design  and  low  sheet  resistance. 
Examination  of  substrate  resistivity  effects  show  2 Q-cn  silicon 
to  give  slightly  higher  and  0.4  Q-cm  to  give  slightly  higher 

•’sc- 

Figures  11  and  12  show  results  of  using  ”as-sawn"  silicon  and 
chemical  polishing  (only)  to  produce  a smooth  surface.  Elimination 
of  mechanical  polishing  could  be  a cost  reducing  step  in  final  pro- 
duction procedures.  The  chemical  polished  wafers  do  show  greatly 
improved  performance  over  unpolished  ones  but  more  work  is  necessary 
to  study  different  polishing  sequences.  SBSC  made  from  Tyco  sili- 
con show  a 51  maximtun  efficiency.  More  studies  of  the  Tyco  silicon 
are  required  for  complete  analysis. 

Figure  14  shows  results  of  an  activation  energy  study  to  ex- 
plore current  conduction  mechanisms.  These  preliminary  results  in- 
dicate that  both  thermal  and  tunneling  effects  exist  in  the  SBSC  fab- 

O 

ricated  at  Rutgers.  Optical  calculations  by  computer  show  that  460  A 
^^2^5  significantly  better  antireflection  (AR)  properties  than 

755  A SiO.  The  lesser  thickness  of  Nb20j  should  also  lead  to  reduced 
absorption  loss  in  the  AR  coating.  A solar  simulator  assembled  us- 
ing a variac,  tungsten  lamp,  and  water  filter  gives  photovoltaic  data 
comparable  to  direct  sunlight  illumination. 

The  most  significant  achievements  in  this  latest  research  have 
been  increased  fill  factor  (to  0.74)  using  baking  of  the  vacuum  system 
to  remove  moisture,  improved  understanding  of  the  current  flow  mechan- 
ism, and  isolation  of  processing  variables  which  improve  efficiency. 
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OBJECTIVE  OF  THE  PROJECT 

The  overall  objective  is  to  produce  a 12%  efficient 

SCHOTTKY  SOLAR  CELL  USING  ECONOMICAL  SILICON  AND  FABRICATION 

METHODS,  This  is  to  be  accomplished  through  optimization  of 

CURRENT  BY  USE  OF  NEW  AR  COATINGS^  VOLTAGE  BY  INTERFACE 
STUDIES,  AND  FILL  FACTOR  BY  DEPOSITION  STUDIES,  FURTHER 
STUDIES  INCLUDE  ENVIRONMENTAL  EFFECTS,  THIN  EPITAXIAL  SILICON 
FILMS,  SURFACE  EFFECTS,  AND  NEW  SOURCES  OF  SILICON, 
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PLANNED  ACTIVITY  LAST  6 MONTHS 


I.  Process  Variables  which  Influence  Solaf  Cell  t 

Area 

Substrate  Resistivity 
Substrate  Orientation 
Heat  Treatment 
Deposition  Procedures 
Wafer  Polishing 
New  AR  Coatings 


II,  Miscellaneous 

New  Computer  Programs 
Solar  Simulator 
Current  Mechanism  Studies 
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FIGURE  4 


PROCESSING  STUDY 


V I 

’^oc  '^sc 


Sample 

i'RQOESS 

(Y) 

(mA/cm^) 

r* 

r 

134 

CU  SCHOTTKY  METAL 

0,23 

11,8 

0,39 

136 

25  A Cr,  then  Cu 

0,46 

22,6 

0,39 

4,0 

143 

100  A Cr 

0,45 

13,3 

0,40 

2,4 

INTERFACE  STUDY 

NoREIAU  Vqj.  = 0,45-0,53 

123  t 124  Re-etch  after  ^ 0 

HEATING 

126  & 127  As  ABOVE,  THEN  0,45 

RE-HEAT 
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FIGURE  5 


EFFECT  OF  ADDITIONAL  OXIDE  BETWEEN 
SCHOnKY  METAL  AND  SILICON 


Sample 

Additional 

Oxide 

Area 

(CM^) 

^0 

(mA) 

V 

141 

18  A E 

0.67 

0,055 

8 

0.23 

142 

31  A E 

3.0 

0.050 

1.6 

0.20 

144 

12  A G 

2.7 

0,092 

0.88 

0.17 

146 

22  A G 

3.3 

0.022 

0,14 

0.14 

E - Evaporated  SrO^  thickness  measured 
6 - Grown  in  O2  a 620°C^  thickness  estimated 
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FIGURE  6 


EFFECT  OF  HEAT  TREATMENT 


ON  PERFORMANCE 

Sample 

Heat  Cycle 

lo 

(mA) 

(mA/cm^) 

V 

(V) 

F 

^>0  , 

147 

Standard* 

0.012 

18.4 

0.40 

0.62 

4,6 

148 

Inc,  N2 

0.003 

17.8 

0.48 

0.37 

3.2 

149 

Soak  a 620OC 

FOR  2 MIN. 

0.0015 

17.7 

0.50 

0.25 

2.2 

150 

300-650OC 

0.34 

27.2 

0.5! 

0.48 

6.65 

•Standard  - Ramp  from  25°C  to  620°C  in  air  with  light  N2  flow. 

Cool  to  300°C  and  remove  from  furnace. 

NOTE:  Eliminating  N2  or  replacing  with  A^  gives  no  significant  change. 
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FI 

EFFECT  OF  SPUTTER I 


ivE  rmi 


Sample  17^ 


0,1  V/div 
5 mA/div 

Curve  on  lep^-sputt.  Au 
Curve  on  righ^-evap.  Au 
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FIGURE  11 


miCAL  POLISHING  STUDY 

Study  the  Fabrication  or  Schottky  Solar  Cells 
USING  "As-Sawn"  Silicon  and  Chemical  Polishing 


Sample 

Polish 

Result 

'^oc 

1 

sc 

p 

(¥) 

(mA/cm^) 

F 

(mN/cm^) 

111 

”As-sawk" 

No  photo- 

RESPONSE 

11; 

HF,  HN03 

0.31 

13.8 

.35 

1.63 

138 

HF,  HN03,  Acetic 

0,27 

^.6 

.25 

.31 
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POLISHED 


Hmm  13 


I'VOJ  I2v» 


Area  J.21  CM"- 


M 


mAki m 


ssii 


V 1 
'^oc  *sc 


25  ^!A 


8,9 

2 ^ 

pQ  = ‘^.16  ni/c¥T  ) 


\ 


Sunlight 
80-100  wH/ci^ 


CURRENT  (A) 


FIGURE  14 

ACTIVATION  ENERGY 


1000/ T 

564 


FIGURE  15 


(%)  aONVJJ.IW8NV(li.*a3NV13aii3)l 
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FIGURE  16 


mSCELlANEOUS 

1.  A SOLAR  SIMULATOR  HAS  BEEN  ASSEMBLED  USING  A TUNGSTEN  LAMPi 
VARIAC^  a*:d  water  Filter.  Results  compare  favorably  with 
DIRECT  Sli  I data, 

2,  EPITAXIAL  LAYER  (2iI~CK>  ON  0,001  SUBSTRATE  GIVES 

A 50%  LOW  CURRENT. 


Summer  Research  Participants 

B,  Lalevic,  Associate  Investigator 
A.  Delahoy 

S.  Vernon 
K.  Ng 

P,  Mathe 

T,  POON 
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FIGURE  17 


SUmARY  OF  KEY  RESULTS 

o 

1.  Cr  Schottky  metal  of  40-50  A is  best. 

2.  The  oxide  interface  gives  high 

3.  An  interface  of  5-12  A is  probable, 

4.  Heat  treatment  from  300-650°C  gives  high 

5.  Sputtered  Schottky  conductive  metal  gives  low 

6.  <100>  GIVES  BETTER  J & F THAN 

7.  0,4n-CM  GIVES  HIGHER  J. 

2 fi-CM  GIVES  HIGHER  Vq^. 

8.  Tyco  silicon  produces  a promising  Schottky  solar  cell. 

9.  Activation  energy  studies  may  lead  to  answers  about  the  con- 
duction MECHANISM. 

10,  NB2%  ^^2%  PROMISING  ANTIREFLECTION  IMPROVEMENTS. 

11,  A SIMPLE  SOLAR  SIMUUTOR  GIVES  RESULTS  COMPARABLE  TO  SUNLIGHT 

illumination. 

12,  F » 0,74  HAS  BEEN  ACHIEVED  USING  VACUUM  SYSTEM  BAKING  PRIOR  TO 
EVAPORATION. 
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FIGURE  18 


MAJOR  PROBLEMS 


1,  Understanding  the  conduction  mechanisms  and  role  of  the 

INTERFACIAL  LAYER. 

2,  Reproducibility  of  sheet  resistance  values  from  run  to  run. 

3,  Simultaneously  achieving  high  and 


FIGURE  19 


PLANNED  ACTIVITY  FOR  NEXT  6 MONTHS 


1.  Begin  studies  of  epitaxial  uyerSi 

2.  Expand  electronic  testing  to  identify  current  flow  mechanisms. 
5,  Conduct  microscopic  study  of  silicon  surface  and  interface. 

4,  Optimize  the  fabrication  process, 

5,  Expand  computer  studies. 

6,  Study  new  AR  coatings, 

7,  Send  sour  cells  to  NASA  Lewis  for  testing, 

8,  Initiate  environmental  testing  and  life  studies, 

9,  Continue  fabrication  of  Schottky  sour  cells  using  new  silicon 
sources  (if  avaiuble). 
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FIGURE  20 


PLANNED  RENEWAL  REQUESTS 


Major  Goals 

1.  Achieve  15X  efficiency  on  single  crystal  silicon. 

2.  Achieve  62  efficiency  on  thin  film  polycrystalline  silicon 


Personnel 

Associate  Investigator  in  Physics 
Associate  Investigator  in  Materials  Science 
Three  Research  Assistants 


Date 

June  h 1976  - May  31,  1977 


Cost 

$40,000 


570 


EXPLORATION  OF  UNCONVENTIONAL  SOLAR  CELLS  * 


C.  F*  Grain 


Itek  Corporation 
10  Maguire  Road 
Lexington,  Haea.  02173 


Abfltract 


For  the  paet  few  months  research  has  been  continued  on  a new 
concept  for  the  production  of  low  cost  photovoltaic  cells*  The  basic 
concept  is  that,  rather  than  a tar ting  with  an  inherently  high  cost 
process  and  trying  to  reduce  costs,  we  have  started  with  a very  low 
cost  process  for  depositing  particulate  semiconductor  layers  involving 
emulsion  coating  techniques. 

It  has  been  shown  that  the  concept  is  feasible  and  in  fact 
layers  containing  ZnO  exhibited  quantum  efficiencies  of  >50%  and  power 
efficiencies  up  to  3%  with  exposure  to  actinic  light. 

Significant  results  have  rec^tly  been  obtained  with  other 
materials  namely  Pb^O^  and  GdS.  Pb304  is  a very  high  resistivity 
material  (p  10^^  ohm-cm),  however,  we  have  been  able  to  reduce  the 
resistivity  to  values  of  ^*10^  ohm-cm.  This  is  still  approxloiately  two 
orders  of  magnitude  higher  them  desired.  Nevertheless  quantum  efficiencies 
as  high  as  5%  and  power  efficiencies  of  the  order  of  0.1%  to  an  equivalent 
solar  spectrum  have  beet  obtained.  Figure  1 shows  the  spectral 
response  characteristics  of  a typical  cell. 

Encouraging  results  have  also  been  obtained  with  CdS-Cu20 
hetero Junction  cells.  Figure  2 shows  the  I-V  characteristics  of  a 
typical  cell.  The  power  efficiency  Is  0.15%  while  quantum  efficiencies 
are  3%.  This  represents  an  improvement  in  efficiency  of  about  10^  in 
a period  of  about  4 months.  Quantum  efficiencies  as  high  as  8%  have 
been  obtained,  however,  power  efficiencies  were  limited  by  low  voltages. 

The  low  voltages  were  the  result  of  leakage  at  the  CdS-Cu20  Junction* 

We  intend  to  continue  our  efforts  on  both  Pb304  Schottky 
barrier  devices  and  CdS-Cu20  heteroj unction  devices.  Problems  to  be 
overcome  include  preparation  of  "good"  non-leaking  rectifying  contacts, 
preparation  of  ohod.c  contacts  and  reducing  the  resistivity  of  our  semi- 
conductor layers. 


* Supported  In  part  by  NSF  Grant  #AER  74-00928 
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Resimnse,  electrons/photons 


Fig.  1 — 8k»Mtnl  lltipoiiM,  Vbfit 


572 


I,  raiUiamps 


0.3 

0.2 

0.1 


-0.1 


-0.2 


1 

— 1 — I — 1 — 1 — 1 

Incident  » 3 x lO"*  w/cm*  j 

niumlnated  area  <*  0.07  cm*  « I 

•-  «fV  1 1 

H 

ll 

HI  VUAUAt 

eillcieni 

BUVy  \ID 

cy  ■ 0.1 

W - «TO 

5% 

1 

\ 

\ 

Dark 

1 

n 

■ 

i 

J 

^ i 

! 

i 

1 

■ 

m 

B 

B 

n 

-0.3 


-0.2  -0.1  0 0.1 


0.2  0.3  0.^ 

V,  volts 


0.5  0.6  0.1  0.0 


Fig.  2 — 1«\  curves,  CdS*CU|0 


573 


(a)  TITLE:  Exploration  of  Unconventional  Solar  Cells 

(Grant  No.  AER74-00928) 

(by  ORGANIZATION:  Itek  Corporation,  Lexington,  Massachusetts 

(Central  Research  Laboratories) 

(c)  PERIOD:  6 Months  (Starting  November  15,  1974) 

(d)  AMOUNT:  $57,800 

(e)  PRINCIPAL  INVESTIGATOR:  C1av*k  F.  Grain 


DEFINITION  OF  OVERALL  OBJECTIVE  OF  PROJECT 


Establish  the  feasibility  of  producing  large 
area,  extremely  low-cost  solar  cells  based  on 
particulate  semiconductor  layers  prepared  by 
emulsion  coating  techniques. 


Efficiency: 

Cost: 

Area: 


6 Months  End  Goal 

— M54/ft^(10i/watt) 

- ’ 2 
5 wr  >3  fr 
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ACTIVITY  TO  DATE 

1.  Reduction  of  resistivity  of  Pb304  (via  doping) 

2.  Formation  of  ohmic  contacts  to  Pb304 

3.  Investigation  of  atmosphere  control  for  further  reduction  of  p 

4.  Preparation  of  CdS  - CU2O  hetercj unction  ce^ls 

SUMMARY  OF  KEY  RESULTS 

1.  Quantum  Efficiency  of  S’*  obtained  with  Pb304  Ipyers 

2.  Quantum  Efficiencies  up  to  B%  obtained  with  CdS-Cu20 

3.  Power  efficiencies  between  01.%  - 0.2%  with  Pb304  and  CdS>Cu20 

12  7 

4.  Resistivity  of  Pb304  reduced  from  10  ohm-cm  to  10  ohm-cm 

5.  ResIstIvIV  Jf  CdS  reduced  to  10^  ohm-cm 
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imOR  PWOBLEHS 


1.  Further  reduction  of  mistivlty  of  naterlals  (e.g.  Pb^4) 

2.  Establish  good  SdrattKy  barrier  and  ohmic  contacts  to  these 
materials 


WiUligD  ACTIVITY 


1.  Experiments  to  control  resistivity  and  structural  phase 

a)  Iteat  treatments  in  cwitrolled  atmos|riieres 

b)  ‘\dditions  of  ioqiurity  dopants 


2.  Investigation  of  contact  properties 

a)  Various  evaporated  or  sputtered  metals 

b)  Effects  of  heat  treatments 

c)  Other  contacts 

i)  Conducting  paints 
ii)  Electrolsss  plating 


3.  HeteroJ unction  devices 

a)  Continue  inprovmnent  of  CdS*Cu<>0  cells 

b)  Investigation  of  other  heteroj unction  pairs  (e.g.  ?nO*Cu20) 
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PLANNED  RENEWAL  REQUEST 

Phase  II  - Reduction  to  Practice 

12  Months:  May  1975  - May  1976 
$175,000 

Major  Goals:  Fabricate  Solar  Cells  Using  Emulsion  Coating 

Technology  and  Particulate  Materials 

Power  Efficiency  >*  3%  to  Sunlight 
2 

Area  > 100  cm 
Life  > 1 Month 
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(a) 


PROCESS>INDUCED  DEFECTS  IN  TERRESTRIAL  SOLAR  CELLS 


(b)-(e)  We  are  not  now  a grantee  or  contractor  in 

either  ERDA  or  NSF  sponsored  solar  photo- 
voltaic research.  The  results  we  report 
have  derived  from  research  sponsored  by 
NASA  (Grant  NSG-3018)  beginning  June  23, 
1974  and  still  in  force  at  $60,000  per 
year. 


(f)~(g)  Authors: 

P.  A.  Lindholm  and  S.  S.  Li 
(University  of  Florida,  Gainesville) 

and 

C.  T.  Sah 

(University  of  Illinois,  Urbana) 

(h)  Principal  Investigators  of  NASA  Grant  NSG-3C18: 

F.  A.  Lindholm  and  S.  S.  Li 


(i)  Part  of  this  paper  was  presented  at  the 

1975  PSC  Conference  in  May  in  Phoenix; 
part  has  never  been  presented  before. 
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The  expectation  of  good  performance  has  prompted  interest  in  low- 
resistivity,  shallow^Junction  solar  cells  for  space  applications.  Such 
devices  contain,  however,  regions  of  high  doping  and  high  Impurity  gradients. 
Hence  the  physics  underlying  their  operation  is  complex;  many  different 
mechanisms,  traditionally  ignored,  compete  to  determine  cell  behavior. 

Thus  a major  problem  in  understanding  the  operation  of  such  cells  lies 
in  determining  which  of  these  fr«.!chanisms  are  dominant  and  which  may  be 
neglected.  A second  probJem,  relating  to  design,  lies  in  controlling  both 
the  dominance  and  the  magnitude  of  the  phenomena  via  controlling  the  device 
structure  and  the  steps  used  in  tabrication. 

These  problems  are  the  main  undertakings  of  our  research  sponsorc^d  by 
NASA  Grant  NSG-3018.  Our  progrin  includes  collateral  experimental  and 
theoretical  efforts.  At  present,  the  experimental  eturl  concentrates  on 
the  fabrication  of  solar  cells  and  related  test  devices,  and  on  a detailed 
characterization  of  the  current-voltage  properties  and  of  the  defects  that 
contribute  to  theai  The  experimental  tools  employed  in  our  study  *r 

current-voltage  moar.urement  and  transient-capacitance,  thermally-stimulatod- 
capacitance  and  thermally-stimulated-current  measurements  made  on  pn 
junction  or  Schottky-barrier  test  vehicles.  The  theoretical  cffox*t  anticipator 
the  dominant  contributors  to  the  behavior  that  need  experimental  study,  provides 
a careful  interpretation  of  the  experimental  data,  and  seeks  full  utilization 
of  the  data  in  calculating  its  inferences  on  solar-cell  behavior-  The  theore- 
tical and  experimental  efforts  interplay,  each  guiding  the  direction  of  the 
other- 


Although  aimed  toi^ard  very  high-efficiency,  low  resistivity  silicon 
solar  cells  for  space  applications,  the  results  of  our  studies  reached 
thus  far  have  considerable  implications  for  cells  of  materials,  such  as 
solar-grade  silicon,  currently  being  advanced  for  terrestrial  application. 
A review  of  our  main  findings  will  help  clarify  these  iiuplicatiuns. 


To  examine  the  issue  of  dominance  among  the  high-doping  mechanisms,  we 
have  divided  them  into  two  broad  categories: 

Gap  shrinkage,  as  produced,  for  example,  by  band  t iling,  • 
impurity-band  widening  and  impurity  misfit;  and 

2.  Altered  interband  transition  rates,  arising  from  Auger- 
impact  or  SRH  processes  or  from  electronic  tunneling  via 
defects. 


Which  of  these  mechanisms  predominates  depends,  in  general,  on  the  physical 
make-up  of  the  device,  on  environmental  conditions  such  as  temperature,  and 
on  the  aspect  of  cell  performance  of  interest. 

To  provide  a quantitative  illustration,  we  have  taken  a concrete  example: 
c.  phusphorous  diffused  n+p  cell,  junction  depth  0.25  microns,  impurity  grade 
constant  10-^  atoms/cm^,  substrate  resistivity  0.1  oh;n-rm.  Further  our 
attention  has  centered  on  the  measured  open-circuit  voltage  at  300^K. 

To  analyze  this  device,  we  have  extended  the  traditional  analytical 
theory  of  silicon  solar  cells  to  enable  inclusion  of  the  high  doping  r*‘chanisms. 

Ot  these  mechanismh,  wo  have  concludixl  that  gap  shrinkage,  taken  alone  in  n 
ono-cJ  Lmensional  niteiel,  fails  far  short  of  explaining  the  moasiirod  I'pen-c  i rcu  i t 
voltage.  To  fit  fhe  data,  a pap  shrinkage  of  0.23  eV  would  be  reciuircd  for 
impurity  concentrations  only  slightly  higher  cfian  10^^  which  cimipares 

to  our  upper-btnnul  estimate  of  0.07  eV  for  such  concentrat  ions.  From  ii 
physical  standpoint,  wo  predict  gap  slirlnkagc  to  be  small  because  minority 
carriers  can  exist  in  sizable  numbers  in  the  dark  coll  only  wlicre  Che  dt»ping 
i.^  tt'latlvely  small.  ORKSNAL  PAGE® 

OP  POOR  (^Aiitnr 
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. of  all  the  other  mechanisms  described  until  now  in  this  paper,  we  have 
proposed  the  sharp  increase  in  the  defect  density  near  the  highly-doped 
surface  to  be  the  most  likely  candidate  to  explain  the  data.  This  result 
indicates  the  desirability  of  additional  experiments  concerning  the  proper- 
ties of  the  defects  near  the  surface  and  their  relationship  to  processing, 
particularly  to  the  processing  now  used  in  the  solar-cell  technology. 

To  this  point  in  our  review,  we  have  considered  a one-dimensional  model 
of  the  cell,  the  only  coordinate  of  interest  having  been  that  measuring  the 
distance  from  the  surface.  But  the  solar  cell  is  a large  area  device,  and 
inhomogeneities  across  this  area  could  play  a significant  role  in  governing 
the  performance.  In  particular,  we  note  the  existence  of  a statistical 
distribution  of  impurity  clusters,  thermodynamically  stable,  occurring  in 
the  diffused  layer^ 

Viewing  the  overall  solar  cell  as  a collection  of  sub-cells  roughly  in 
parallel  one  with  another,  we  propose  that  those  sub-cells  with  relatively 
high  doping  ani  defect  density  can  severely  degrade  the  performance  of  the 
overall  device.  Hence  the  area-inhomogenoity  mechanism  accompanying  hi^h 
doping  could  play  a d^»^inant  role  and  establish  a basic  limitation  on  the 
performance  obtainable.  We  give  experimental  indications  on  devices  of  our 
fabrication  that  suggest  the  importance  of  area  inhomogeneity. 

Our  work  on  low-resistivity,  high  off iciency  cells  has  suggested  the 
dominant  role  that  defects  take  in  determining  performance.  For  materials 
being  put  forward  for  terrestrial  use  (EFG,  WEB,  polysilicon,  etc.),  the 
characterization  of  the  defects  and  their  relation  to  the  fabrication 
processes  used  will  be  even  more  significant*  Resea^^ih  similar  to  ours, 
conducted  presently  with  NASA,  but  extended  in  scope  and  aimed  toward 
teriestrial  solar  cells,  could  thus  provide  valuable  information  to  the 
nation's  solar  photovoltaic  program. 


bSO 
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HOLg^  m emitter 
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ABSTRACT 


*nie  p«irpose  of  this  project  is  to  investigate  glass/Si  heterojunctions 
as  solar  cells  of  low  cost,  suitable  for  terrestrial  applications.  The  Si  is 
the  active  material,  and  the  glass  serves  as  a window  to  solar  radiation,  an 
antireflection  coating  of  the  Si,  and  a low  resistance  contact.  Fabrication 
of  the  cell  is  sioqple  and  inexpensive.  Principal  specific  goals  of  the 
project  are  (i)  the  fabrication  of  solar  cells  by  deposition  of  various 
window  materials  on  single  and  polycrystalline  Si,  Cii)  experimental  testing 
and  evaluation  of  the  cells,  and  (lii)  the  explanation  of  the  characteristics 
by  the  development  of  suitable  models. 

During  the  first  six  months,  the  concept  of  heteroj  unction  solar  cell 
was  shown  to  be  valid  in  the  form  of  an  p-type  single  crystal- 

line Si.  Experimental  results  showed  the  principal  dark  current  mechanism  in 
the  operating  range  to  be  recombination  through  interface  states,  and  the 
electron  affinity  of  the  ^^20^  was  found  to  be  0.3  eV  greater  than  chat  of 
Che  Si.  This  difference  limits  the  open  circuit  voltage  and  efficiency  of  such 
cells  to  a maximum  of  IIZ,  a probable  practical  efficiency  of  the  order  of 
7-8Z.  It  was  shown  that  this  limi cation  could  be  overcome  by  a shallow  diffusion 
of  donors  into  the  surface  of  the  Si.  Heteroface  cells  of  this  type  showed 
efficiencies  of  the  order  of  9%  under  simulated  AMI  irradiation. 

During  the  second  six  months.  Investigations  of  ocher  crystalline  window 
materials  have  been  initiated.  Results  of  measurements  on  Sn02/n-Sl,  single 
crystal,  indicate  an  electron  affinity  difference  relative  to  the  Si  of  approx- 
imately 0.85  eV.  (The  size  of  this  differettce  makes  impractical  Sn02/p-^i 
cells).  Electron  emission  is  the  principal  dark  current  mechanism.  Although 
their  characteristics  are  not  fully  understood,  they  appear  to  function  some- 
what like  Schotcky  barrier  cells.  Under  simulated  AMI  irradiation,  data  for 

Che  best  of  these  cells  are  V » 435  mV,  J « 23.7  mA/cm^,  and  n 6.3%. 

oc  * sc 

Experiments  with  amorphotis  glasses  such  as  0.85V20^:0.15P20^  show  these 
materials  to  be  isq>ractical  as  solar  cell  windows.  The  principal  lifflltaclon 
is  the  intrinsically  high  resistivity,  p « 10^  Q-cm.  The  cells  tested  show 
high  series  resistance  and  severe  suppression  of  photocurrent  in  the  third 
and  fourth  quadrants.  A layer  of  amorphous  glass  between  the  Si  and  a low 
resistivity  crystalline  glass  could,  in  principle,  increase  the  open  circuit 
voltage  i7ithout  degrading  the  curve  factor  or  suppressing  photocurrent,  but 
the  technical  problem  of  depositing  a sound  layer  no  thicker  than  a few  nm 
is  non-trivial.  Accordingly,  such  compound  heteroj unction  cells  are  also 
Judged  to  be  impractical. 
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Cells  of  102^3  gtovn  ribbon  and  polycrystalline  Si  of  various  grades 

show  characteristics  differing  between  mn8»  between  wafers  in  the  same  run, 

and  between  locations  on  the  same  wafer.  With  few  exceptions,  open  circuit 

voltages  and  conversion  efficiencies  are  low,  and  suppression  of  photocurrent 

is  evident  on  many.  Since  these  poor  characteristics  are  also  measured  on 

control  units  made  from  single  crystal  wafers,  the  source  of  the  degradation 

appears  to  be  in  the  processing  at  some  stage  where  an  interfacial  layer  of 

Si02  is  grown.  Ueasurem^its  of  these  cells  suggest  that  grain  boundaries  do 

not  act  as  short  circuits  and  that  ribbon  substrates  are  con^arable  to  single 

crystal,  but  the  facts  that  an  oxide  layer  is  evidently  present  and  that  all 

2 

cells  tested  are  2.3  z 2.3  mm  , sawed  from  material  with  crystallites  of  size 
varying  from  0.005-'20  mm,  make  such  conclusions  tenuous  at  best. 

While  the  oxide  layer  problem  delayed  progress  toward  the  project  objec- 
tives, it  provided  data  to  make  possible  (i)  the  development  of  an  explanation 
of  the  effects  of  an  interfacial  insulating  layer  based  on  energy  bands  and 
Cii)  the  development  of  experimental  techniques  for  the  identification  of  such 
a layer.  The  model  allows  qualitative  prediction  of  changes  in  photocapacitance 
with  voltage  and  illumination  and  changes  in  I-V  characteristics  with  illum- 
ination. In  particular,  it  predicts  an  increase  in  photocurrent  suppression 
with  increased  illumination. 

Although  the  stage  of  oxide  growth  in  the  processing  is  not  ki»wn,  thermo- 
dynamic calculations  imply  that  some  reduction  by  the  Si  of  the  ^i^2^3 
Sn02  oxides  is  unavoidable.  Whether  or  not  a stable  equilibrium  is  reached  at 

some  particular  oxide  thickness  is  directly  related  to  the  question  of  the 

% 

stability  of  cells  with  these  constituents  under  the  conditions  of  terrestrial 
application.  Data  from  initial  experiments  Indicate  rapid  growth  of  Si02  inter- 
facial layers  on  8^02/ Si  cells  when  subjected  to  a temperature  of  200”C  and 
less  rapid  growth  when  subjected  to  xenon  illumination  (without  UV  filters)  at 
an  intensity  of  400  mW/cm  . The  same  tests  of  In202/Si  cells  yield  no  conclus- 
ive evidence  of  degradation. 

Continued  study  of  the  stability  question  and  the  Inherently  connected 
oxide  layer  problem  is  planned  for  the  remaining  period.  Since  photocurrent 
suppression  is  a good  indicator  of  the  oxide  layer,  methods  for  its  detection 
and  quantification  will  be  sought.  Publication  of  experimental  results  and 
heterojunction  solar  cell  theory  is  planned. 
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FIG.  2 


AER74-17631 


OVERALL  OBJECTIVES  OF  PROJECT 


The  purpose  of  this  project  is  to  investigate 

GLASS-SILICON  HETERO JUNCTIONS  AS  SOLAR  CELLS  OF  LOW 
COST/  SUITABLE  FOR  TERRESTRIAL  APPLICATIONS.  ThE 
PRINCIPAL  SPECIFIC  GOALS  ARE*. 

A)  The  fabrication  of  glass-monocrystalline 
Si  and  guss-polycrystalline  Si  hetero- 
junction CELLS. 

B)  The  experimental  testing  and  evaluation 
of  these  cells. 

C)  The  explanation  of  cell  characteristics 
BY  THE  development  OF  SUITABLE  MODELS. 


Incident  PctdicLiion 


Lead 
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FIG.  3 


AER74-17631 


ACTIVITY  PLANilED  FOR  1 JAN  - 30  JUilE,  1975 


A)  INVESTIGATION  OF  THE  FOLLOWING  WINDOW  MATERIALS  ON 
SINGLE  CRYSTAL  SUBSTRATES 

1)  Crystalline  metal  oxides:  SN02i  CdO/  ZnO  . . . 

2)  Amorphous  glasses:  V205^  Ti02>  V205:Ge02  . . . 

B)  INVESTIGATION  OF  THE  FOLLOWING  LOW-COST  SUBSTRATES 
WITH  IN2O3  WINDOWS 

1)  Grown  ribbon  Si 

2)  Various  grades  of  polycrystalline  Si 

C)  DEVELOPMENT  OF  HIGH  EFFICIENCY  HETEROFACE  SOLAR  CELL 


D)  DEVELOPMENT  OF  HETERO JUNCTION  THEORY 
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FIG.  ^ 


AER7«l-17631 


OUTLIHE  OF  PROGRESS 

I.  Validation  of  Heterojunction  Sour  Cell  Concept 

II.  Crystalline  Windows 

III.  Amorphous  Windows 

IV.  Alternate  Substrates 

V.  Interface  Barrier  Layer  Effects 

VI.  Stability  of  Cells 
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FIG.  5 


AER74-17631 


IN2O3/S1  Cells 

Reasonably  well  understood 

» 0.30  eV 

Dark  current  mechanism 
Recombination  via  interface  states 

Max  11% 

Max  >7  ^ 7-8%  C FOR  single  crystal  Si 

practical  ( 

Max  71e>lp  ^ 5-6%  ^ 
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FIG.  6 


AER7M-17631 


HETEROFACE  CELLS 

1 Run  made 

Excessive  Resistance  between  IN2O3  and  Si 

(A/ 
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FIG.  7 


AER7^»-17631 


SNO2/S1  CELLS 

SOKEWHAr  UNDERSTOOD 

? 

AEc  » 0.85  eV 

Dark  current  mechanism;  Electron  Emission 
Photocurrent  Mechanism;  Recombination  at  Interface 

Max  7^  NOT  determined 
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SnOg,  St  — ► SW  ^ S/Oz 
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W '*«.  TIWI 
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FIG.  8 


AER7W7631 


SNO2/N-S1 


Best  Results 


Jgj.(MA/CM^) 

VocW 

hd) 

Single  crystal 
0.23  CM  X 0.23  CM 

0.435 

6.3 

Late  Results 

'*sc 

Vqc 

n 

Single  crystal 
2 CM  X 2 CM 

29 

0.523 

9.4 

1 CM  X I CM 

29 

0.521 

9.9 

PbLY  (grain  size?) 
2 c^*  X 2 CM 

27 

0.469 

6.9 

1 CM  X I CM 

26 

0.470 

7.2 
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FIG.  9 


AER7^I-17631 


AMORPHOUS  GLASS  HlflDOW 


Impractical 

fwiN  ^ 

Rg  TOO  LARGE 

PHOTOCURRENT  SUPPRESSION 
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FIG.  10 


AER7i|-17631 


C0HP0UND  HETEROJUNCTION 

Impractical 


THIN 

AMORPHOUS  LAYER 


V 


PHOTOCURRENT 

SUPPRESSION 
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FIG.  11 


AER7^I-17631 


IN2O3/P-S1  CELLS 


SUBSTRATES  USED  (0.23  CM  X 0.23  CM) 

BEST  71  iS) 

SINGLE  CRYSTAL 

4.3 

RIBBON 

3.4 

POLYCRYSTALLINE  Si 

LARGE  GRAIN 

2.9 

METAL  GRADE 

0.5 

CVD  ON  S.C.  SUBSTRATE 

0.07 

CVD  EPI  ON  RECRYSTAL I ZED 

MET  GRADE  (Chu) 

1.4 

SINGLE  CRYSTAL  Q CM  X 1 CM) 

1.6 

MAX  Vqc  0.323  V 

MAX  25  mA/cm^ 

Late  Results 


Jgj.(MA/CM^) 

Yl  (5) 

SINGLE  CRYSTAL 

2 CM  X 2 CM 

24 

0.323 

4.1 

1 CM  X 1 CM 

25 

0.343 

4.9 

POLY  (grain  size?) 

2 CM  X 2 CM 

24 

0.337 

3.3 

1 CM  X 1 CM 

24 

0.359 

4.6 
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FIG.  12 


AER74-17631 


S1O2  INTERFACIAL  UYER 


Competing  mechanisms 

Tunneling  photocurrent 
Recombination  — ^ photocurrent  suppression 

VIA  INTERFACE 
STATES 


Ey 


PHOTOGENERATED  ELECTRONS 


„.-Sn02 


Si 
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FIG.  13 


AER74I-17631 


S1O2  Interfacial  Layer 

Effects 

A)  DECREASE  Iq 

If  Ipj^  IS  INDEPENDENT  OF  V 

Ln  . 1) 

AND  Vqj.  is  INCREASED 

B)  SUPPRESSION  OF  PHOTOCURRENT  FOR  THICKNESS  2-3  NM 
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AER74-17631 


FIG.  14  * ’ ^ 

S1O2  INTERFACE  UYER 
Origin  of  S1O2  layer  unknown 
Processing? 

SNO2  + Si  — + S1O2 
^***2^3  ^ ^ 2In  + ^ S1O2 

AT  ROOM  TEMP 
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-IT 


^-1:0 


61  HOURS 


y 


12  HOURS 


INITIAL 


CELL  CURRENT  IN  MILL I AMPERES 


AER7<1-17631 
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FIG.  16 


AER7<I-17631 


DEGRADATION  OF  OPEN  CIRCUIT  VOLTAGE 
UNDER  400  nU/cH^  XENON  LAMP  ILLUHINATION 
CELL  280451-7,  Sn02/n-Si  . 

^ /l^  JIJH  i Kt  fWO"  /SL“A  !•>  £o  irt.  ) 
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WEIES 


0.1  0,2  0.3 

Forward  Volts 
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F16.  17 


AER7W7631 


SUIWRY  OF  KEY  RESULTS 


I.  EXPERlflENTAL  STUDY  AND  MODEL  OF  h>^S:  CELLS 
ESSENTIALLY  COMPLETE.  MODEL  PREDICTS 

AND  HIGHER  EFFICIENCIES  FOR  IN2O3/NV-S1  CELLS, 

II.  EXPERIMENTAL  STUDY  AND  MODEL  OF  SNO2/N-S1  CELLS  .NOT 
COMPLETE,  BUT  THESE  SHOW  PROMISE  FOR  TERRESTRIAL 
APPliCATIO,'!  IF  STABLE.  EFFICIENCY  REALIZED  6.3X, 

III.  AMORPHOUS  WINDOWS  OR  lAYERS  SUPPRESS  PHOTOCUSRENT. 
NOT  PRACTICAL  FOR  SOLAR  CELLS. 

IV.  INTERFACIAL  S1O2  LAYER  SUPPRESSES  PHOTOCURRENT  AND 
INCREASES  SERIES  RESISTANCE.  SUPPRESSION  INCREASES 
WITH  ILLUMINATION. 
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FIG.  18 


AER7i|-17631 


mjOR  PROBLEMS 


I.  TECHNICAL 

A.  Limitation  of  by  AE^ 

B.  Photocurrent  Suppression 

C.  High  Series  Resistance 
lit  Poor  Reproducibility 

II.  SCHEDULE 

A,  Start-up  Time  Too  Short 
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FIG.  19. 


AER79-176n 


oiAHNED  ACTIVITY 

I . IIWESTIGATF.  STABILITY  OF  CELLS 

II.  IHVESTIGATE  INTERFACE  LAYER  EFFECTS 

III.  DEVELOP  METHODS  FOR  DETECTION  OF  PHOTOCURREHT  SUPPRESSION 

IV.  PUBLISH  EXPERIMENTAL  RESULTS  AND  THEORY  OF  HJSC's 
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WHAT  SHOULD  BE  DONE? 


I.  INVESTIGATE  THE  THERMODYNAMICS  OF  VARIOUS 
WINDOW  MATERIALS  ON  Si,  GaAs 


II.  INVESTIGATE  THE  CHEMICAL  KINETICS  OF  INTERFACE 
REACTIONS. 


III.  DEVELOP  EXPERIMENTAL  TECHNIQUES  FOR  ANALYSIS 
OF  INTERFACIAL  LAYERS. 


IV.  DEVELOP  METHODS  FOR  DEGRADATION  MEASUREMENT. 


V.  DEVELOP  QUANTITATIVE  THEORY  OF  DEGRADATION. 
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N76  12502 

SURFACE  SCIENCE  APPLIED  TO  THE  DEVELOPMENT  OF  ECONOMICAL 
PHOTOVOLTAIC  SOLAR  CELLS 

1)  The  effect  of  dopants  on  chemical  vapor  deposition  - a surface  potential 

model. 

2)  Surface  segregation  of  impurities. 

3)  Silicon  recrystalliaation  using  a thin  A1  - layer  on  carbon. 

4)  Elffect  of  structure  and  impurities  on  surface  states. 


SURFACE  STRUCTURE  AND  ELECTRONIC  PROPERTIES  OF  MATERIALS 

AG  742  $ 87,  500 
Jan.  1.  1975  - July  1.  1975 

m 

W.  J.  Siekhaus 

Energy  and  Enviroiunent  Division 
Lawrence  Berkeley  Laboratory 

G.  A.  Somorjai 

Inorganic  Materials  Research  Division 
Lawrence  Berkeley  Laboratory 


AVS  - Chicago  1974 
ASME  - Palo  Alto  1974 
ACS  - Chicago 

International  Summer  Course  - Procidia,  Sicily  1975 
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PROGRAM  OBJECTIVJ:; 


ANALYZE  INFLUENCE  AND  BEHAVl'  H OF  SURF>^ 
AND  INTERFACES 

DURING  CVD  FILM  DEPOSITION 
EFG  SHEET  FORMATION 
CELL  LIFE 


DETERMINE  AND  LEARN  TO  UNDERSTAND,  TO  CORRECT 
AND  TO  USE  THE  EFFECT  OF  CHEMICAL  COMPOSITION 
AND  PHYSICAL  STRUCTURE  OF  SURFACES  AND  INTER- 
FACES ON  ELECTRONIC  STATES. 
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The  objective  of  this  grant  is  to  employ  sur&ce  science  to  the  problems 
associated  with  the  development  of  economical  thin  film  solar  cells: 
to  understand  and  control  the  mechanism  of  chemical  vapor  deposition, 
to  study  substrate  - film  interaction,  to  analyze  impurity  segregation 
onto  surfaces  and  grain  boundaries,  to  determine  the  effect  of  selected 
impurities  on  grain  growth  and  to  investigate  the  effect  of  structure 
and  impurities  onto  surface  states. 

We  have  developed  a surface  potential  model  to  explain  dopant  effects 
on  chemical  vapor  deposition.  Auger  analysis  of  the  interaction  between 
allotropic  forma  of  carbon  and  silicon  films  has  shown  Si-C  formation 
for  all  forms  but  glassy  carbon.  L<EED  intensity  measurements  have 
been  used  to  determine  the  mean  sqare  displacement  of  surface  atoms 
of  silicon  single  crystals,  and  electron  loss  spectroscopy  has  shown 
the  ( 'feet  of  structure  and  impurities  on  surface  states  located  within  the 
band  gap.  A thin  film  of  A1  has  been  used  to  enhance  film  crystallinity 
at  low  temperature. 

At  the  present  time  we  perform  chemical  vapor  deposition  under 
externally  applied  electric  fields  to  test  the  surface  potential  model 
of  chemical  vapor  deposition.  We  use  Auger  spectroscopy  to  identify 
impurities  segregating  onto  surfaces  and  interfaces,  and  we  are  investi- 
gating with  electron  loss  spectroscopy  the  effect  of  doj~  nts  on  surface 
states. 

Future  experiments  are  planned  to  determine  dopant  spatial  distri- 
bution on  the  surface  during  chemical  vapor  deposition,  the  effect 
of  dopants  on  chemical  vapor  deposition  reaction  kinetics  using  modulated 
molecular  beam  analyris,  and  the  effect  of  impurities  on  the  activation 
energy  for  recrystallization.  We  plan  to  use  UV  electron  spectroscopy 
together  with  improved  energy  resolution  electron  loss  spectroscopy 
to  determine  absolute  energy  levels  of  impurity  induced  surface  states. 
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GRAIN  BOUNDARY  SEGREGATION  OP  BORON  IN  POLYCRYSTALLINE  FILMS 


Experimental  results  reported  In  J.Electr.Chem«Soc.  ( first 
graph  **  page  suggest,  that  in  chemical  vapor  deposition  together 
with  Boron  doping  the  grain  boundary  will  be  completely  covered 
with  a monolayer  of  dopant  before  doping  in  the  grain  can  be 
•tohleved. 

To  check  this  hypothesis,  polycrystalline  films  were  deposited 

onto  single  crystal  substrates  covered  with  a thin  nitride  layer. 

Deposition  was  done  by  CVD  using  SiCl  with  B H doping  by 

4 2 6 

Applied  Materials  Corporation  to  a thickness  of  200  Estimated 

18 

concentration  of  B is  6.6  x 10  /cm^. 

The  next  few  graphs  show,  that  polycrystalline  silicon,  under  the 
conditions  Investigated  up  to  now  almost  exclusively  fractures 
by  cleavage. 

Consequently,  Scanning  Auger  Analysis  of  fractured  surfaces  allows 
up  to  now  no  consistent  analysis  of  grain  boundary  segregation. 

/ Efforts  continue  to  find  suitable  conditions,  and  an  alternate 
approach  to  find  surface  segregation  is  presented  in  the  next 
section./ 
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FtQ.  2.  Acceptor  conccfttfUtion,  Na#  vs.  9/Si  atom  rotio  in  vopor 
for  poly  Si  somptes  deposited  from  Silii  ot  6S0*C.  A*  Tiiermol 
StOa  substfotos;  +»  fosed  snorts  substtotes.  Sinptc-crystol  dopinp: 
V boron  dopinp  of  SI  from  •sHc  ond  SiCI^-Ht  ot  1500*K,  A (11); 
• 02). 


P/Si  ATOM  RATIO  IN  VAPOR 


Pig.  3.  Donor  conccntioiioo^  Nn«  vs.  P/Si  atom  r«ilio  in  vopor 
for  poly  Si  sompics  deposited  on  fhctniol  S1O2  sobsi  rotes.  A De* 
posited  ot  bSO^C  from  StH^^  A deposited  ot  840*C  from  SiBr4  H3. 
Pbospboroos^doped  singtc*cryslor  silicon,  A (14);  B (12). 
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P/St  ATOM  RATIO  IN  VAPOR 


Fig.  4.  Totol  pbospboroos  cencontrotion,  ond  donor  con- 
ctntrolfon,‘ND,  n.  P/Si  otom  ratio  in  vopor  for  poly  Si  deposited 
from  S1H4  ot  BSO*C  A Totol  pbospboroos  concentration,  A 4onor 
concentrations,  ■ ■■»  ■ see  Ig.  (1)  in  feet,  ••••  colcoloted  from 
Bg.  [4]  in  text. 
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Dopant  Gas  Effect  on  Silicon  Chemical  Vapor  Depositions 
A Surface  Potential  Model 
Chin-An  Chang 

Inorganic  Materials  Research  Division.  Lawrence  Berkeley  Laboratory. 
UniverTity  of  Califox  .aa.  Berkeley.  California  94'  20 


A surface  potential  model  is  proposed  to  consistently  explain  the  known 
dopant  gas  effects  on  silicon  chemical  vapor  deposition.  This  model  predicts 
that  the  effects  of  the  same  dopant  gases  on  the  diamond  deposition  rate  using 
methane  and  carbon  tetrachloride  should  be  opposite  and  similar  to  those  of 
silane,  respectively.  Available  data  is  in  agreement  with  this  prediction. 
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Chemical  vapor  deposition  (CVD)  has  been  widely  used  for  thin  film 
depositions.  This  technique  is  especially  applicable  to  thin  film  silicon  solar 
cells.  Deposition  rate  of  a few  microns  per  minute  can  be  easily  obtained, 
and  p-n  junction  cam  be  made  by  mixing  silicon  chemical  vapors  (CV).  such  as 
silane  and  silicon  tetrachloride,  with  depant  gases,  like  diborane  :uid  phosphine. 
In  general  CVD  of  silicon  is  carried  out  at  a substrate  temperature  around 
loco  to  1200“C.  amd  single  crystal  silicon  wafer  is  used  for  an  epitaodal  growth 
of  thin  films.  However,  for  an  economic  thin  film  solar  cell,  non-crystalline, 
and  oftentimes  non-silicon  substrates,  are  required.  Furthermore,  inter- 
action between  the  siibstrate  chosen  and  the  silicon  thin  film  deposited  should 
be  kept  minimal.  For  exaunple.  at  a substrate  temperature  around  1200*C. 
silicon  thin  films  deposited  on  graphite  show  a significant  diffusion  of  silicon 

and  carbon  and  the  formation  of  silicon  carbide^.  Much  less  ditfusion  is  noted. 

2 

however,  when  the  substrate  temperature  is  below  SOC'C  . Similar  high 
temperature  interaction  between  the  silicon  films  deposited  and  other  types  of 
substrate  has  also  been  reported^.  Preferably,  one  should  use  the  lowest 
possible  substrate  temperatures  to  minimize  such  interactions  and  diffusions. 

At  low  sxibstrate  temperatures,  however,  other  problems  arise.  First. 

4 

silicon  film  deposited  is  polycrystalline  with  small  grain  sizes  . Second, 
much  lower  deposition  rate  than  that  at  high  substrate  temperature  is  obtained 
using  the  CVD  technique^.  Small  grain  size  means  a shortening  of  lifetime  for 
the  charge  carriers  due  to  trapping  by  the  grain  boundaries^;  low  deposition 
rate  makes  CVD  a non-economic  technique  for  depositions.  To  solve  the 
former  problem  the  author  has  developed  a technique  to  increase  the  silicon 

7 

crystallinity  at  low  substrate  temperatures  . An  enhancement  of  two  to  .our 

orders  of  magnitude  is  obtained  for  the  silicon  films  deposited  on  quartz  and 

7 2 

graphite  at  600°C  substrate  temperature  * . Our  next  goal  is  to  increase  the 
deposition  rate  of  low  temperature  CVD,  As  part  of  our  effort  toward  this 
goal  we  describe  in  this  paper  a conceptual  model  which  could  lead  to  a better 
vinder standing  of  the  existing  information  on  the  variation  of  CVD  deposition 
rates.  This  model  is  shown  to  consistently  explain  the  known  dopant  gas 
effects  on  the  deposition  rates  of  silicon  chemical  vapors  smd  correctly  pre- 
dicts for  those  on  carbon  chemical  vapors.  The  implications  and  application: 
of  this  model  to  other  studies  are  also  discussed. 
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It  has  been  known  that  silicon  deposition  rate  using  silane,  SiH^,  and 

silicon  tetrachloride,  SiCl^,  is  increased  by  diborane,  and  decreased 

by  phosphine,  PH«,  and  arsine,  AsH,^.  Existing  theories  considering  active 
8b  ^ ^ 

site  blocking  and  strong  bonding  between  the  CV  molecules  and  dopant  gas 
molecules^^  have  not  been  advanced  enough  to  explain  the  known  effects  in  a 
consistent  way,  nor  can  they  be  used  to  predict  the  dopant  gas  effect  on  other 
CV  molecules.  In  our  approach  we  make  use  of  the  fact  that  diborane,  a p-type 
dopant  gas  for  silicon,  gives  an  opposite  effect  on  the  deposition  rate  of  silicon 
chemical  vapors  from  those  by  phosphine  and  arsine  both  of  which  being  n-type 
dopant  gases.  This  implies  a possible  correlation  between  the  electronic 
structur>i  of  the  dopant  atoms  with  the  observed  effects  cited.  The  mechanism 
involved  in  the  CVO  process  is  first  analyzed,  in  order  to  see  how  this  property 
can  be  incorporated  into  the  deposition  process. 

Chemical  vapor  deposition  can  be  view(^-l  as  a two-step  process:  adsorp- 
tion of  the  CV  molecule  on  the  substrate  surface  followed  by  its  thermal  decom- 
position. As  an  example,  deposition  of  silane  follows 

SiH^  (gas)  SiH^  (adsorbed)  Si  + ZH^. 

The  thermal  decomposition  part  involves  a transfer  of  thermal  energy  from  the 
substrate  to  the  CV  molecule  needed  for  its  decomposition.  At  a fixed  substrate 
temperature^  the  maximal  amount  of  thermal  energy  which  can  be  acquired  by 
the  CV  molecule  is  constant.  The  efficiency  of  this  energy  transfer,  however, 
depends  on  the  residence  times  of  the  CV  molecule  on  the  substrate  surface. 

In  other  words,  for  an  effective  decomposition  of  the  CV  molecule  to  take  place 
on  the  surface,  a sufficient  amotmt  of  thermal  energy  necessary  for  such  decom- 
position should  be  transferred  to  the  CV  molecule  before  it  desorbs  from  the 
surface.  Therefore,  at  a fixed  substrate  temperature,  decomposition  of  the 
CV  molecule  will  be  determined  by  the  adsorption  efficiency  of  this  molecule 
on  the  substrate  surface.  This  argument  is  in  agreement  with  the  work  of 

Farrow  who  found  that  silane  adsorption  is  the  rate  limiting  step  for  the 

8b 

decomposition  of  this  molecule^  • Accordingly,  at  a given  substrate  tempera- 
ture, any  factors  which  enhance  the  adsorption  rate  of  the  CV  molecule  should 
also  enhance  its  decomposition  and  therefore  its  deposition  rate.  Our  problem 
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is  thus  simplified  to  that  of  the  effect  of  dopant  gas  on  the  adsorption  of  silicon 
chemical  vapor  molecules. 

From  the  chemical  point  of  view,  silane  has  the  partially  ionic  Si^  -H 

9 . 10 

bonds  • Being  tetrahedral,  such  a molecule  possesses  no  net  dipole  moment 

However,  the  ionic  character  mentioned  would  make  silane  a molecule  with 

four  negatively  charged  hydrogen  atoms  surrounding  a positively  charged 

silicon  atom  in  the  center.  Such  a molecule  would  be  attracted  by  a surface 

with  positive  surface  potential  and  be  repelled  from  one  with  negative  surface 

potential.  In  other  words,  making  the  surface  potential  more  positive  would 

J^ne  better  and  enhance  its  adsorption  rate.  The  same  argument  applies 
'licc-i  tetrachloride  which  has  Si^-Cl  ionic  bonds,  similar  to  those  in 
one. 


Next,  we  study  the  effect  of  dopant  gas  on  the  surface  potential  of  a 

substrate.  Diborane,  arsine  and  phosphine  thermally  decompose  to  release 

boron,  arsenic  and  phosphorus  atoms,  respectively.  These  atoms  then  adsorb 

on  the  surface  and  become  doped  into  the  silicon  film  deposited.  As  mentioned 

earlier,  the  observed  deposition  rate  dependence  of  silane  and  silicon  tetrachlo** 

ride  showed  possible  correlation  with  the  electronic  structure  of  the  dopant 

atoms.  Furthermore,  during  silicon  CVD,  there  is  always  a silicon  surface 

with  freshly  adsorbed  silicon  and  dopant  atoms  . Our  problem  is  therefore 

similar  to  the  study  of  the  effect  of  dopant  atoms  on  the  * ce  potential  of  a 

silicon  surface.  Supporting  this  approach  is  the  experimental  observat:on  that 

when  the  substrate  is  covered  with  a monolayer  of  boron  atoms,  the  deposition 

rate  of  silane  is  the  highest  among  the  depositions  using  the  silane -diborane 
8c 

mixtures 

First,  we  define  a reference  surface  to  be  a silicon  surface  with  only 
adsorbed  silicon  atoms*  This  is  the  case  when  pure  silicon  chemical  vapor  is 
used*  A boron  adso.  bed  silicon  surface  can  be  seen  to  be  different  from  the 
reference  one*  Boron,  being  a p-type  dopant  and  electron  deficient  relative  to 
silicon,  should,  relative  to  the  reference  surface,  lower  the  local  electron 
density  on  the  surface  silicon  atoms  around  th^  adsorption  site.  This  would 
increase  the  electron  affinity  of  the  silicon  surface  onto  .vhich  boron  is 
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adsorbed  . The  effect  on  the  surface  potential  is  seen  from  the  relation 
defining  this  property^^. 

(Ep  - Ej)g  = (E^  - Ej)  + - 0 ) 

Here  Ep,  Ep  Ey  are  the  energies  for  the  Fermi  ’.jvel,  intrinsic  level  and  top 
of  the  valence  band,  respectively,  S stands  for  surface,  ^and^are  photo- 
electric threshold  and  work  function,  respectively.  Furthermore,  ^ = X + E— , 

X is  the  electron  affinity,  and  E^,  the  band  gap  between  the  bottom  of  the 
conduction  band  and  the  top  of  the  valence  band.  An  increase  in  electron 

affinity,  on  the  surface  is  seen  to  make  the  surface  potential  more  positive  than 

13 

the  reference  surface  defined  above  . Such  a surface  would  then  atlract 
molecules  like  silane  and  silicon  tetrachloride.  This  should  enhance  the  adsorp- 
tion and  therefore  the  deposition  rate  of  tliese  molecules.  On  the  other  hand, 
phosphorus  and  rsenic,  which  are  n-type  dopants  and  electron-excessive 
relative  to  silic  jn,  would  make  the  surface  potential  more  negative  than  the 
, reference  one.  Accordingly,  the  deposition  rate  of  silane  and  silicon  tetrachlo- 
ride should  be  lowered  when  they  are  mixed  with  phosphine  and  arsine.  The 
observed  dopant  gas  effect  on  the  deposition  rates  of  silicon  chemical  vapors  is 
thus  satisfactorily  explained.  These  results  are  summarized  in  Table  I. 

An  immediate  test  of  the  proposed  model  is  to  choose  some  CV  mole- 
cule of  different  bonding  character  from  that  of  SiH^  and  SiCl^.  Different 
dopant  gas  effect  on  the  deposition  rate  of  this  chosen  CV  molecule  should  then 
be  expected.  One  such  molecule  is  methame,  CH..  Methane  is  also  tetrahedral 
but  has  the  C -H  type  of  ionic  bonds.  The  hydrogen  atoms  are  partially  posi- 
tively charged  in  methane,  opposite  to  that  for  silane.  The  dopant  gas  effect 
on  the  deposition  rate  of  methane  should  then  be  just  the  opposite  of  that  for 
silane.  When  one  goes  to  another  carbon  CV  molecule,  carbon  tetrachloride, 
CCl however,  the  dopant  gas  effect  should  be  similar  to  that  for  silane. 

This  is  because  of  the  C -Cl  ionic  bonding  character  of  this  molecule.  The 
predicted  dopant  pas  effect  for  methane  and  carbon  tetrachloride  are  also 
liscef^  ""  de  T.  For  a meaningful  test  of  our  model  to  carbon  CVD,  data  on 
t.  • ■ t ’■*[  :;sition  should  be  used.  Diamond  film  has  the  similar 

St.  V n fihn,  and  differs  from  the  layer  structure  of  a graphite 

Th<  bl  i i.tcreture  data  on  the  dopant  gas  effect  on  diamond 
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Table  I.  Predicted  and  observed  dopant  gas  effects  on  the  deposition  rates  of 

silicon  and  carbon  chemical  vapors 


SiH^ 

SiCl^ 

CH4 

CCI4 

Bonding 

Si"^  - H" 

Si^  - Cl" 

c'  - 

C^  - Cl" 

Characters 

1 

I 

D 

I 

D*’ 

PH3 

D 

D 

I 

D 

AsHj 

D 

D 

I 

D 

I and  D indicate 

an  increase 

and  decrease. 

respectively. 

in  deposition 

rate.  The  first 

row  for  each  dopant  gas  is 

for  the  predicted  effects,  the 

second  row  for  the  observed  effects* 

a.  Ref*  9* 

b.  Ref.  14* 

14 

deposition  concerns  the  methane -diborane  system  • The  results  clearly  show 
from  that  observed  using  only  methane*  This  is  just  the  effect  predicted  by  our 
model* 

Although  limited  by  the  existing  information  for  a full  test  of  our  model, 
agreement  with  the  available  data  is  encouraging.  It  is  therefore  worthwhile 
to  point  out  some  useful  works,  both  experimental  and  theoretical,  that  are 
necessary  for  a better  \xnder standing  of  the  CVD  process.  (1)  Experiments 
for  the  lacking  information  listed  in  Table  I should  be  carried  out  for  a complete 
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test  of  our  model#  (2)  Our  model  descrives  the  dopant  gas  effect  through  the 
dopant  atom  effect  on  the  surface  potential.  This  can  therefore  be  tested  by 
applying  a bias  voltage  to  the  substrate  and  observe  its  effect  on  the  deposition 
rate  of  pure  CV  molecules.  Similarly » an  electric  field  can  be  applied  to  the 
surface  and  tested  for  its  effect  on  the  deposition  rate  of  each  CV  molecule# 

(3)  Surface  properties  for  silicon  and  diamond  should  be  studied  in  the  presence 
of  adsorbed  boron,  arsenic  and  phosphorus  atoms.  This  includes  surface  pro- 
perties such  as  the  surface  states  and  work  function.  Such  study  would  allow 
a direct  understanding  of  the  adsorbed  dopant  atom  effect  on  the  surface  pro- 
perties and  is  essential  to  our  final  understanding  of  the  problem  discussed  in 
this  paper#  (4)  Theoretical  calculation  on  the  interactions  between  an  adsorbed 

dopant  atom  and  another  adsorbed  CV  molecule  is  also  very  important.  Such 

15 

interactions  could  be  long  ranged  and  involve  coupling  with  the  surface  . 
Calculations  of  the  interactions  described  in  this  paper  could  be  very  difficult 
at  the  moment^^  but  certainly  are  necessary  for  a better  understanding  of  the 
adsorption  mechanism# 

Once  the  suggested  experiments  are  shown  to  support  our  model  proposed 
here,  't  will  then  be  possible  to  increase  the  deposition  rate  of  CVD  at  low 
temperatures.  By  adjusting  the  surface  potential  according  to  the  principles 
described  in  this  paper  one  should  be  able  to  increase  the  deposition  late  beyond 
the  current  limit#  One  can  also  choose  the  right  combination  of  CV  molecule 
and  dopant  gas  that  allows  the  maximal  increase  in  deposition  rate.  Examples 
from  Table  I are  SiH^-B-,H^,  CH^-PH^,  CCl^-B^H^,  etc.  The  remaining 
limiting  factor  will  then  be  the  amo\int  of  thermal  energy  available  at  low 
temperatures#  One  needs  then  to  find  a compromise  between  the  maximal 
thermal  energy  needed  and  the  minimal  interaction  and  diffusion  allowed  between 
the  deposited  thin  film  and  the  substrate  chosen.  All  these  principles  should 
also  be  applicable  to  the  CVD  of  other  types  of  thin  films,  such  as  those  for 
SijN^,  SiC,  W,  etc. 

Finally,  since  ou^  model  is  concerned  mainly  with  the  effect  of  one 
adsorbed  species  on  the  adsorption  of  another  molecule,  this  work  should  also 
be  useful  to  surface  catalysis  studies.  In  surface  catalysis  molecular  adsorp- 
tion plays  an  essential  role  before  dec  .imposition  or  chemical  reaction  takes 
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place*  By  varying  the  surface  potential  as  described  in  this  paper  one  should 
observe  changes  of  the  chemical  reaction  rates  between  adsorbed  molecules. 
This  should  allow  a better  understanding  2ind  control  of  the  chemical  reactions 
under  study.  In  addition,  v?  rying  the  magnitude  and  sign  of  the  surface  potential 
should  provide  impo:  tant  information  on  the  formation  and  strength  of  the 
chemisorptive  bonds  between  the  adsorbed  molecule  and  the  surface.  Again, 
more  experimental  and  theoretical  work  along  this  line  are  needed  to  further 
advance  our  idea  to  surface  catalysis. 
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ABSTRACT 


The  previously  developed  technique  for  silicon  crystallinity 
enhancement  in  silicon  films  deposited  at  low  temperature  is 
applied  to  graphite  substrates.  The  measur  .d  increase  in  silicon 
crystallinity  is  comparable  to  that  observed  earlier  using  a quartz 
substrate.  The  distribution  of  aluminum  in  the  silicon  fili.is  is 
determined  using  Auger  spectroscopic  depth  profiling.  Carbon 
diffusion  from  the  substrate  into  the  silicon  film  is  shown  to  be 
negligible  at  a substrate  temperature  of  600 ®C. 


In  a previous  paper  we  have  shown  a technique  to  enhance  silicon 

crystallinity  at  low  substrate  temperatures  for  vacuum  deposited  silicon  thin 

film3.  ^ An  ultrathin  Si-Al-Si  (l00A.-500i-100i)  sandwich  coating  was  used 

prior  to  silicon  deposition.  The  silicon  films  thus  deposited  show  a lower 

limit  of  5fj  for  the  silicon  grain  size.  Optical  microscopic  measurement  of  the 

2 

etched  films  further  show  that  silicon  grains  as  large  as  ZOOp  are  produced. 


Present  address:  IBM,  Thomas  J.  Watson  Research  Center,  Yorktown 
Heights,  NY  10598 
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In  this  work  the  same  technique  is  applied  to  graphite  substrates.  Graphite 
is  chosen  because  of  its  desirable  properties  as  a substrate  material  for  silicon 
thin  film  solar  cells.  Earlier  work  in  which  silicon  films  were  deposited  on 
graphite  at  high  temperature  showed  significant  diffusion  of  silicon  and  carbon 

3 

into  each  other  and  the  formation  of  silicon  carbide.  Later  work  showed  that, 

z 

at  a substrate  temperature  below  800 °C,  much  less  diffusion  was  observed. 
Therefore,  the  Si-AI-Si  sandwich  coating  technique  should  be  applicable  to  the 
graphite  substrate  at  600*C  to  enhance  silicon  crystallinity  without  significant 
SiC  formation.  In  addition,  the  difficulty  encountered  in  our  earlier  study  in 
determining  the  aluminum  distribution  is  solved  in  the  present  work  with  a. 
extra  silicon  coating  as  described  later. 

Silicon  and  aluminum  wer  i vacuum  deposited  onto  graphite  and  quartz 
using  conventional  electron  beam  heating.  The  deposition  rate  was  ca  40il/min 
for  both  Si  and  Al.  : er  experimental  parameters  and  Auger  depth  profiling 
measurement  have  '>ecn  described  elsewhere.  Commercial  extruded  graphite 
and  fused  quartz  were  used.  Graphite  substrates  cut  from  a rod  were  used  in 
both  the  unpoU'hed  and  polished  torm.  The  latter  was  polished  on  Grit  320 
SiC  paper.  Both  graphite  and  quartz  substrates  were  used  in  each  deposition, 
the  latter  being  used  as  a reference  to  be  compared  with  the  earlier  work.  ^ 
Substrates  were  outgassed  at  800-900 “C  before  deposition  in  a vacuum  of  1 x 
10  ^ Torr. 

An  ultrathin  Si-Al-Si  (100A.-500^-100A)  sandwich  layer  was  first  deposited 
onto  the  substrates  which  were  aeld  at  room  temperature.  The  substrates  were 
then  heated  to  600**C  and  a thick  silicon  film  of  ca  2000-3000^  was  deposited. 
Without  further  annealing  the  -substrates  were  cooled  down  to  room  temperature 
and  another  layer  cf  silicon  (ca  30oA)  was  deposited.  This  last  silicon  coating 
is  shown  to  be  necessary  to  prevent  the  oxidation  of  aluminum,  most  of  which 
stays  near  the  surface  of  the  film.  It  also  eliminates  the  presence  of  SiO^ 
in  the  aluminum-rich  region  after  exposing  the  film  to  air,  since  SiO^  tormation 
is  restricted  to  a few  n.onolayers.  This  technique  allows  reliable  Auger  deter- 
mination of  the  aluminum  distribution  in  the  silicon  film. 
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In  ‘ lis  work  we  present  the  X-ray  diffraction  patterns  of  the  silicon  films 

depositee,  on  graphite  and  quartz.  In  our  earlier  work  silicon  films  deposited 

o.  qu^r  s showed  a highly  preferred  (111)  orientation  with  the  220/111  peak 

intensi  7 .aUo  of  ca  10-20%.  Transmission  electron  micrograph  of  the  same 

films  C'ved  spot  diffraction  pattern  which  implied  a lower  limit  of  5p  for  the 

silicon  • -ain  sizes.  Since  the  same  deposition  technique  is  used  in  both  studies* 

i-.;.  ^ n of  silicon  prefer.  1 orientation  from  the  220/111  intensity  ratio  is 

taken  a measure  the  crystallinity  enhancement  over  the  pure  silicon  films 

deposited  on  quartz  at  600"C.  The  latter  showed  both  a powder-like  X-ray 

diffrari'on  pattern,  with  220/111  being  c . 60%,  and  diffused  electron  diffraction 
I 

rings. 


Figure  I shows  the  X-ray  diffraction  pattern  for  the  silicon  films  deposited 
on  graphite  ■ Also  shown  is  the  X-ray  diffraction  of  a Si  fflm  deposited  on  quartz 
which  is  obtained  from  the  same  experiment  and  is  used  as  a reference.  The 
220/111  intensity  ratio  is  ca  25%  and  16%  for  the  silicon  films  on  graphite  and 
quartz,  respectively.  Unpolished  graphite  was  used  in  this  case.  Similar 
results  were  obtained  using  polished  graphite  substrates.  These  ccxnpare  very 
well  with  the  earlier  work.  Also  seen  in  Fig.  1 is  the  (111)  peak  of  aluminum 
which  was  not  observed  in  our  earlier  work.  This  indicates  the  necessity  of  the 
described  final  silicon  coating  for  the  observation  of  aluminum.  Auger  depth 
profiles  for  the  saune  films  are  shown  in  Fig.  2.  Silicon  film  deposited  on 
qxiartz  shows  a higher  concentration  of  alxuninum  near  the  surface  than  in  the 
bulk  film.  This  confirms  our  earlier  observation.  For  the  silicon  film  on 
graphite,  the  aluminum  concentration  stays  nearly  the  same  and  is  lower  than 
on  quartz.  Also  observed  is  the  diffusion  of  both  aluminum  and  silicon  into  the 
graphite  substrate.  Quantitative  determination  of  the  alumintim  distribution  in 
graphite  is  difficult  due  to  the  scattering  of  data  and  an  uncertainty  in  the 
sputtering  rate  of  graphite. 

The  alumimun  distributions  described  above  are  consistent  with  the 

observation  that  the  aluminum  (HI)  peak  is  more  clearly  seen  in  the  silicon 

film  <m  quartz  than  in  the  silicon  film  on  graphite.  Ca'  ^on  diffusion  from  the 

graphi.e  substrate  into  the  silicon  film  is  also  shown  tc  ' e negligible  from 

2 

Auger  profiling,  in  agreement  with  earlier  work.  In  several  cases  silicon 
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dep.-sitioa  was  made  with  a different  Si~Al-Si  sandwich  coating.  Using  a Si-Al- 
Si  (100&-S00^-100&)  sandwich  coating,  the  silicon  220/111  intensity  ratio  was 
found  to  be  similar  to  that  using  the  Si-Al-Si  (100A^-50oii-100&)  coating. 

In  nummary,  our  results  indicate  that,  using  graphite  substrates,  an 
enhancement  in  silicon  crystallinity  can  be  obtained  which  ic  omparable  to  that 
using  quarts  sidistrates.  Carbon  diffusion  into  the  silicon  film  is  shown  to  be 
negligible  at  a substrate  tenoperature  of  600*C.  Silicon  diffusion  into  the  graphite 
substrate  is  also  low  c<»npared  with  that  at  i200"C  substrate  temperature.  ^ 
Furthermore,  gratphite  in  tite  unpolished  form  gives  enhancement  in  silicon 
crystallinity  similar  to  that  on  polished  graphite.  This  may  prove  to  be  a further 
favorable  economic  factor  in  using  graphite  as  a substrate  material  for  silicon 
thin  film  solar  cells. 

This  work  was  suppor.ed  by  the  U.  S.  Energy  Research  and  Development 
Administration. 
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FIGURE  CAPTIONS 


Fig.  1.  X-ray  diffraction  patterns  for  the  silicon  films  deposited  on  (a)  graphite, 
and  (b)  quartz,  using  the  Si-Al-Si  sandwich  coating  technique. 

Fig.  2.  Auger  depth  profiles  for  the  silicon  films  deposited  on  (a)  graphite 
(a)  graphite,  and  (b)  quartz,  using  the  Si-Al-Si  sandwich  coating 
technique.  Sputtering  rate  of  the  silicon  films  is  ca  50A/min  for  (a) 
aind  ca  30A/min  for  (b). 
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Electron  Energy  Loss  Spectroscopy  of  the  Silicon  (111)  Surface 


The  motivation  behind  this  study  is  mainly  two-fold: 

(1)  ' In  dealing  with  the  usual  bulk  properties  of  solids,  one  always 

assumes  having  a crystal  with  translation  symmetry  so  that  one 
never  has  to  worry  about  surface  effects.  However,  when  we  study 
a specimen  using  a probe  which  is  sensitive  to  a few  atomic  layers, 
or  when  we  have  a specimen  which  has  a large  surface-to-volume 
ratio  such  as  a thin  film  or  micro- (Htrticle.  surface  effects  become 
important.  It  is  therefore  interesting  to  see  what  the  effects  are 
and  how  they  differ  from  those  of  the  bulk. 

(2)  In  order  for  silicon  solar  cells  to  be  economically  competitive  with 
conventional  energy  sources,  we  are  forced  to  consider  using  thin 
silicon  films  because  of  high  material  cost.  In  using  thin  films,  we 
are  faced  with  several  problems  which  lower  the  efficiency  con- 
siderably. vis.  (a)  film- substrate  diffusion,  in  which  the  substrate 
material  can  diffuse  into  the  film  and  hence  increases  the  resistive 
losses,  (b)  imperfections  and  grain  boundary  scattering  and  trapping 
and  (c)  dominant  surface  effects  because  of  large  surface-to-volume 
ratio.  It  turns  out  that  the  existence  of  the  surface  introduces  sur- 
face states  which  can  act  as  electron  traps,  thereby  decreasing  the 
conversion  efficiency.  Therefore,  our  aim  is  to  remove  all  such 
surface  traps.  However,  we  cannot  do  this  without  a detailed  know- 
ledge of  what  these  surface  states  are  and  where  they  are  located 

in  the  band  structure,  because  the  effectiveness  of  a surface  state 
as  an  electron  trap  depends  critically  on  its  location  in  the  band 
structure.  (In  fact,  the  closer  the  state  is  to  the  mid-gap  region, 
the  more  effective  it  is  as  a trap. ) Once  the  location  is  known,  we 
can  then  proceed  on  to  introduce  some  impurities  on  the  surface 
and  study  the  effects  of  such  impurities  on  the  surface  and  study 
the  effects  of  such  impurities  on  the  surface  states.  One  such 
impurity  we  have  studied  is  oxygen. 
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Experimental  Procedures 


The  experiment  was  performed  in  an  ion-pumped  stainless  steel  ultra-high 
vacuum  system,  capable  of  reaching  pressures  of  2 x 10'^  torr  or  below.  The 
specimen  was  a 2500  ohm-cm  p-type  silicon  crystal  oriented  along  the  (111) 
direction,  which  was  polished  and  degreased  prior  to  introduction  into  the  cham- 
ber. The  loss  spectroscopy  was  performed  by  PHI  15-25G  Auger  electronics 
at  a primary  energ'-'  of  100  eV  with  a resolution  of  approximately  1 eV.  At  a 
higher  primary  energy,  we  have  a fairly  good  understanding  of  the  energy  loss 
process,  but  with  a poorer  resolution.  The  reverse  is  true  for  low  primary 
energies.  The  present  choice  is  considered  to  be  optimum  as  far  as  the  loss 
process,  resolution,  relative  contributions  from  the  bulk  and  the  surface  are 
concerned. 

Two  surface  structures  have  been  studies,  viz.  the  disordered  surface 
and  the  (2x1)  surface.  The  former  was  obtained  by  argon  ion  bombardment 
whereas  the  latter  was  obtained  by  cleavage  at  room  temperature.  The  loss 
spectra  were  observed  as  a function  of  exposure  to  oxygen,  which  was  introduced 
to  the  system  by  means  of  a leak  valve. 

Results  fit  Discussion 


The  results  we  obtained  bear  close  resemblance  to  those  of  Rowe  and 

Ibach  on  the  silicon  (111)  — 7x7  surface.  In  Fig.  1,  we  show  the  loss  spectra 

of  the  silicon  (111)  — 2x1  surface  as  a function  of  oxygen  exposure.  On  the  clean 

surface,  bulk  and  surface  plasmons  were  observed  at  loss  energies  of  16.  5 eV 

and  10.  6 eV  respectively.  The  5 eV  transition  is  possibly  a bulk  transition. 

Three  surface  state  transitions  were  observed,  viz.  Sj  at  2.  5 eV,  S2  at  7.  4 eV 

and  Sj  at  14.  5 eV,  which  were  also  found  on  the  Si(lll)  — 7x7  surface,  at 

slightly  different  energies.  The  S transition  at~0.  6 eV  as  seen  in  high  resolu- 
2 ** 

tion  energy  loss  spectroscopy  is  lost  in  the  elastic  background;  however, 
according  to  a recent  theoretical  calculation  on  the  2 x ^ surface  the  and 
transitions  have  similar  initial  states  and  are  therefore  directly  correlated. 

By  exposing  the  surface  to  oxygen,  the  and  transitions  practically  disappear 
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at  a coverage  of  0.  1 monolayer,  while  increases.  Combination  with  UPS 

data  shows  that  this  is  probably  due  to  an  oxygen  transi  tion.  At  a coverage  of 

0.  5 monolayer,  the  plasmon  peak  splits  and  this  is  clearly  observable  at 

3 

0 « 0.  65.  The  effect  was  explained  by  Rowe  and  Ibach  as  due  to  an  oxygen 
transition  close  to  the  surface  plasmon  peak.  One  also  notices  a continuous 
shift  of  the  bulk  plasmon  peek  towards  higher  energies  at  increasing  oxygen 
coverage.  At  the  same  time,  a loss  peak  at  3.  3 eV  appears  and  becomes  well 
established  at  monolayer  coverage.  This  can  also  be  attributed  to  an  oxygen 
transition. 

The  loss  spectrum  obtained  on  the  clean  disordered  silicon  (111)  surface 

3 

is  identical  to  that  obtained  by  Rowe  and  Ibach.  The  variation  of  the  spectrum 
as  a function  of  oxygen  exposure  is  similar  to  that  on  the  (2x1)  and  (7x7)  sur- 
faces. except  for  one  important  difference,  viz.  the  plasmon  splitting  is  observ- 
able at  a much  lower  coverage  of  *^0.  1-0.  2 monolayer.  According  to  the  die- 
electric  theory,  this  is  probably  due  to  the  larger  energy  for  the  oxygen  transi- 
tion (11.  S eV  instead  of  11  eV  on  the  7x7  surface).  This  is  physically  reasonable 
because  both  on  the  (7x7)  and  (2x1)  surfaces,  the  structures  are  relaxed  to  have 
stronger  back-bonds,  leaving  a positive  weaker  potential  (due  to  the  silicon  ion) 
on  the  vacuum  side  of  the  interface.  Therefore,  ELS  g^ves  us  further  information 
on  the  relative  potential  strengths  under  different  surf-  . conditons. 

r 

Future  Studies 


From  these  studies,  one  observes  that  on  the  disordered  and  the  (2x1) 
surfaces  one  monolayer  of  oxygen  is  very  effective  in  removing  surface  states 
and  the  states  it  introduces  are  deep  in  the  valence  band.  The  only  drawback  is 
that  the  Si-O  system  is  not  very  stable.  Stabilization  by  further  oxidation  is 
possible,  but  will  pose  difficulties  in  making  electrical  contacts  to  the  surface, 
which  are  necessary  in  solar  cell  fabrications.  So,  we  are  now  diverting  our 
attention  toward  the  Si-Al  system.  Aluminum,  besides  being  a conductor  and 
a dopant,  has  been  used  successfully  to  enhance  crystal  growth  of  silicon  films 

4 

at  600*^0,  and  is  therefore  an  interesting  material  to  pursue. 
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At  the  same  time,  we  are  looking  into  the  possibility  of  using  LEED 
rotation  diagrams  as  a means  of  locating  surface  states,  both  occupied  and 
empty  in  the  band  structure,  by  using  a recent  theory  on  the  effects  of  surface 

5 

states  on  LEED  measurements.  This,  together  with  the  results  from  ultra- 
violet  photoemission  studies  will  give  us  a complete  picture  of  the  surface  states 
in  silicon,  of  different  surface  structures  and  with  different  adsorbates. 
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Phosphorus  Segregation  in  Single  Crystal  Silicon 


A 1 ia.  diameter,  p>tyrpe,  2.  5K  £2-cm  silicon  single  crystal  wafer  was 
diffused  at  1000**  C with  phosphorus  for  14  hrs.  The  source  was  an  Emulsitone 
spin-on  solution  providing  a surface  concentration  of  about  10^^  p/cm^.  After 
diffuaion  the  wafer  was  cooled  in  air,  then  etched  in  phosphor- silica  etch 
(1:1:30,  HF:HN03:H20). 

The  sample  was  thereafter  placed  into  an  ultra-high  vacuum  system  and 
outgassed  by  heating  to  800°  C for  1 hr.  After  heating,  the  surface  was  sputter 
etched  at  room  temperature  until  the  auger  spectrum  no  longer  changed  with 
time  (Fig.  A).  This  spectrum  shows  the  presence  of  Si02<  Si,  C.  and  O. 

The  sample  temperature  was  raised  to  800°  C in  less  than  one  minute  and 
held  at  this  temperature  for  4 min.  Auger  scans  for  phosphorus  were  taken  at 
intervals  during  the  temperature  treatment  (Fig.  B).  The  sample  was  cooled 
and  a final  auger  trace  made  (Fig.  C). 

Figure  B shows  the  phosphorus  signal  as  a function  of  time  and  temper- 
ature. It  indicates  1)  that  phosphorus  segregates  to  the  surface  and  2)  that  the 
equilibrium  concentration  of  phosphorus  on  the  surface  is  a function  of  sample 
temperature.  Figure  C shows  the  increased  phosphorus  signal  but  no  other 
changes. 
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RELATIVE  AUGER  INTERSITY 


Fig.  2 cont. 
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FIG.  B 

SURFACE  SEGREGATION  OF  PHOSPHORUS 
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AnAlyz«  single  eryscal  sur^nee  plus 


I would  like  to  make  a comment  on  an  item  listed  under  proa  *bjective  s: 
the  influence  of  surfaces  on  sheet  formation. 

EFG  - like  processes  clearly  place  a very  strong  emphasis  onto  an  unstable 
and  little  understood,  region:  the  meniscus,  hnd  consequently  a majority  of 
present  ERDA  de^.<tiines  teeter  and  wobble  with  the  rise  and  fall  of  the 
meniscus  from  the  High  Meniscus  Mode  ( HMM)  to  the  Low  Meniscus  Mode 
(LMM). 

The  form  and  the  stability  of  the  meniscus  depend  critically  on  surface 
tension,  a {dienomf.  non  delicately  depending  on  surface  composition  and 
chemistry.  Surfact  composition  at  this  point  will  be  fluctuating  nnd  un- 
predictable, since  all  the  impurities  dissolved  in  the  melt  v «nt  to 
segregate  out  at  this  point,  where  there  are  but  two  places  tc  ■.  to 
the  sur&ce  and  to  the  interfaces  ( twinning)  which  the  ribbon  probably 
creates  for  itself  to  store  away  the  excess  impurities  which  it  cannot 
segregate  onto  '.he  surface,  and  which  it  cannot  reject  into  the  remaining 
liquid  through  the  bottleneck  of  the  capillary. 

If  my  surface  science  perspective  is  correct,  then 

1)  the  sheet  surface  is  high  in  impurities  ( SiC  crystals  are  growing  :here) 

2)  the  twinning  surfaces  are  *^'^gh  in  impurities  ( Dr.  Mlatfsky's  SEM  uata 
indicate  this) 

3)  significant  progress  will  come  in  size  stability  and  sheet  crystallinity 
if  the  EFG  process  is  run  in  an  atmosphere  capable  of  removing  at  the 
meniscus  surface  any  impurities  that  might  be  segregating  there.  Under 
these  clean  surface  conditions  «.  stable  sur&ce  tension  would  be  established. 
It  should  be  easier  to  prcdv  :e  a thin  ( 100  ^ '.\)  film  than  a thick  one,  because 
the  very  property  of  ti's  surface,  to  segregate  impurities,  has  been  turned 
to  a constructive  advantage. 

1 certainly  wou'  not  treat  lightly  the  question  raised  by  J oe  Morabito, 
whether  not  my  starting  mate*  ial  of  higher  impurity  might  wreck  the 
EFG  process  entirely,  urless  one  takes  the  position  that  things  cannot 
possibly  get  worse  U^an  they  are. 

1 make  this  poin'.;  processes  and  products  of  high  surface  to  volume  ratio 
are  co«*trolisd  by  surface  effects. 
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RIBBOH  STARTS 


imparities  segregate,  but  return  to  melt  is  blocked 
ffl#  in  coDtrast  to  C:ochralsky,  ribbon  impurity  concentratloo*mujr  cone. 

XfIPURlTIES  SB6RECATB  ONTO  MENISCUS  SURFACE 

Surface  tension  changes.  Meniscus  changes  shape*  Surfaces  saturates 
Bulk  saturates,  reliefs  by  creating  large  nudber  of  grain  and  twin 
boundaries  onto  which  impurities  can  be  deposited.  And  SIC  grains  . 
Repeat. 

###  periodic  fluctuations  in  shape,  crystal  perfection  and  impur 

(Kressel  et  al.)  Boundaries  loaded  with  impurities  ( Mlafsky'^  •I4I) 


CURB 

Zone  refining  process  with  impurity  removal  from  surface. 

Choose  large  surface  to  volume  ratio  ( 100  ) and  HMM,  and  purge 

with  corrosive  gas. 

Do  nut  try  dirty  silicon. 

##  Meniscus  stable 
Purity  stable 
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Abstract 


i hf*-- 

“ * i 


Most  of  the  work  discussed  in  this  report  has  been  performed 
during  the  last  three  months  of  the  reporting  period  after  receipt  of 
a renewal  grant.  At  Qranamid  efforts  concentrated  on  reducing  the 
electrical  sheet  resistance  of  sputtered  cadmium  stannate  films,  installing 
and  testing  equipment  for  spray  coating  experiments,  and  sputter 
deposition  of  thin  cadmium  sulfide  layers  onto  cadmium  stannate  electrodes. 
In  addition,  ediead  of  schedule,  single  crystal  silicon  wafers  were 
coated  with  cadmium  stannate.  The  University  of  Delaware  continued 
development  of  the  backwall  CdS  solar  cell. 

Earlier  attempts  at  sputtering  cadmium  stannate  films  with 
sheet  resistances  Hg  smaller  than  1 ohm/square  failed  because,  for  thick 
filt.s,  Rg  did  not  decrease  proportionally  to  increasing  film  thickness. 

It  has  now  been  found  that  modified  post>deposition  heat  treatment 
alleviates  this  problem  and  0.7  ohm/square  films  have  been  prepared. 

Visible  optical  transmission  values  of  these  samples  reach  80-3$f!. 
Approximately  of  the  transmission  loss  is  attributable  to  a slight 
haziness  which  is  expected  to  disappeeu*  after  refinement  of  the  heat 
treating  procedure. 

During  the  first  phase  of  the  spray  coating  development 
different  spray  nozzles  were  evaluated  and  a sonic  atomizer  selected 
for  the  current  experiments.  A substrate  heater  has  been  designed 
and  installed  which  facilitates  fast  sample  heat-up  and  a wide-range 
temperature  control.  Coatings  properties  achieved  during  last  year's 
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feasibility  study  ( ^100  ohm/square)  can  now  be  reproduced  at  much 
lower  substrate  temperatures  (bOO^C  vs.  8$0^C). 

In  an  effort  to  reduce  cadmium  requirements  and  optical 
absorption  of  backwall  CdS  cells  thin  cadmium  sulfide  layers  (2-3  }>) 
were  sputtered  onto  Cd2SnO]|  films.  A highly  oriented,  columnar  CdS 
crystal  growth  was  induced  by  the  Cd2Sn0]^  substrates.  However, 
micropinholes  alonr  the  grain  boundaries  caused  short  cixxuits  and  low 
cell  efficiencies.  Attenqpts  to  eliminate  these  pinholes  were  only  partially 
successful.  Additional  %rork  is  planned  and  will  include  surface  treatment 
of  the  CdpSnOij  electrodes  before  CdS  deposition. 

At  the  request  of  Iimotech,  Inc.  n-type  and  p-type  single  cirystal 
Si  wafers  were  coated  with  Cd2SnO],.  These  experiments  proved  that  low 
temperature  Cd2SnO]|  deposition  (300**C)  onto  Si  is  possible.  Ohmic 
contacts  formed  on  n-type  Si.  The  Cd2Sn0](  sheet  resistemces  were  twice 
as  high  as  expected  indicating  lower  conductivities  and/or  the  presence 
of  a resistive  interlayer. 

Work  at  the  Institute  of  Energy  Conversion  led  to  backwall 
efficiencies  higher  than  5?  in  Cd2Sn0jj/CdS/Cu2S  cells.  This  improvement 
has  been  achieved  by  advanced  cell  lamination  techniques  and  lower  series 
resistances.  Heat  treatment  experiments  at  230**C  indicate  that  degradation 
in  cells  with  Cd2SnO>^  substrates  is  less  severe  than  in  standard  metal 
substrate  cells. 

The  following  activities  cure  planned  for  the  next  six  months: 

1.  increase  opticc^.  transmission  of  low  sheet  resistance  Cd2Sn0j|  films, 

2.  reduce  sheet  resistance  of  spray  coated  Cd2SnO|j  films  to  10  ohm/square  region, 

3.  raise  backwall  efficiency  of  Cd2Sn0ij/CdS/Cu2S  cells  to  6?  or  higher, 
b.  investigate  deposition  of  Cd2Sn0{,  onto  silicon  wafers. 


663 


CADMIUM  STANNATE 

SELECTIVE  OPTICAL  FILMS  FOR  SOLAR  ENERGY  APPLICATIONS 


NSF  GRANT  AER  73-07957 


AMERICAN  CYANAMID  COMPANY 
UNIVERSITY  OF  DELAWARE 


GRANT  PERIOD:  APRIL  1.  1975  - MARCH  31, 1976 


AWARD:  $160,000 


PRINCIPAL  INVESTIGATOR:  G.  HAACKE 


664 


PROJECT  OBJECTIVES 


PREPARE  HIGHLY  TRANSPARENT,  ELECTRICALLY  CONDUCTING 
THIN  COATINGS  OF  CADMIUM  STANNATE 


DEVELOP  SPRAY  TECHNOLOGY  FOR  FABRICATION  OF 
CADMIUM  STANNATE  FILMS  ON  TRANSPARENT  SUBSTRATES 


EVALUATE  PERFORMANCE  OF  CADMIUM  STANNATE 
BACKWALL  ELECTRODES  IN  CdS  SOLAR  CELLS 


DEPOSIT  CADMIUM  STANNATE  FILMS  ONTO  SILICON  SUBSTRATES 
AND  ASSES  POTENTIk:.  FOR  FRONT  ELECTRODES  IN  SILICON 
SOLAR  CELLS 


PLANNED  ACTIVITY  TO  DATE 


• OPTIMIZE  SPUTTER  CONDITIONS  FOR  PREPARATION  OF  LOW 
SHEET  RESISTANCE  (lohm/square)  CADMIUM  STANNATE  FILMS 


• install  and  test  equipment  for  SPRAY  DEPOSITION  OF 
CADMIUM  STANNATE  COATINGS 


• COAT  THIN  CADMIUM  SULFIDE  LAYERS  (2-5  microns)  ONTO 
CADMIUM  STANNATE  ELECTRODES  BY  SPUTTERING 


• INCREASE  BACKWALL  EFFICIENCY  OF  CdoSnO./CdS/Cu-S 
SOLAR  CELLS 
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LOW  SHFCT  RESISTANCE  FILMS 
PROGRESS  TO  DATE 


• MODIFIED  POST  - DEPOSITION  HEAT 
TREATMENT  LOWERS  ELECTRICAL  SHEET 
RESISTANCE 


• LOWEST  SHEET  RESISTANCE  TO  DATE: 
0.«  OHM/SQUARE 
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SPRAY  COATING  DEVELOPMENT 
PROGRESS  TO  DATE 


• DIFFERENT  SPRAY  NOZZLES  EVALUATED 


• CONTROLLED  SUBSTRATE  HEATER  DEVELOPED 
AND  INSTALLED 


• PREVIOUS  FILM  PROPERTIES  REPRODUCED  AT 

LOWER  SUBSTRATE  TEMPERATURES  (400°C  vs  850°C) 
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SPUTTERED  THIN  CdS  LAYERS 
PROGRESS  TO  DATE 


• HIGHLY  ORIENTED  CdS  LAYERS  GROW 
0NCd2Sn04  SUBSTRATES 


• DEPOSITION  CONDITIONS  ESTABLISHED  WHICH 
MINIMIZE  NUMBER  OF  MICRO -PINHOLES 
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BACKWALL  CdS  SOLAR  CELL  OEVELOPMEWT 
PROGRESS  TO  DATE 


• BACKWALL  EFFICIENCIES  EXCEED  S% 

• HIGH  TEMPERATURE  (25(rC)  CELL  DEGRADATION 
APPEARS  TO  BE  LESS  SEVERE  FOR  BACKWALL  CELLS 


672 


DEGRADATION  OF  SHORT  CIRCUIT  CURRENT  DENSITY 
WITH  HEAT  TREATMENT  TIME  (AIR-250”C)  FOR 
METAL  AND  QUARTZ  SUBSTRATE  CELLS 
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SUMMARY  OF  KEY  RESULTS 


CADMIUM  STANNATE  ELECTRODES  WITH  SHEET 
RESISTANCES  BELOW  1 OHM/SQUARE  CAN  BE 
PREPARED 


SPRAY  COATING  TECHNIQUE  MODIFIED  FOR  LOW 
SUBSTRATE  TEMPERATURE  DEPOSITION 


BACKWALL  EFFICIENCY  OF  Cd2Sn04A:dS/Cu2S 
SOLAR  CELLS  EXCEEDS  5% 


LOW  TEMPERATURE  COATING  OF  SILICON  WAFERS 
WITH  CADMIUM  STANNATE  POSSIBLE 


MAJOR  PROBLEMS 


• HIGH  ELECTRICAL  SHEET  RESISTANCE  OF  SPRAY 
COATED  CADMIUM  STANNATE  FILMS 


• LOW  ELECTRICAL  CONDUCTIVITY  OF  CADMIUM 
STANNATE  FILMS  ON  SILICON  SUBSTRATES 
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PLANNED  ACTIVITY  FOR  NEXT  SIX  MONTHS 


• REDUCE  OPTICAL  ABSORPTION  OF  LOW  SHEET 
RESISTANCE  CADMIUM  STANNATE  FILMS 


• REDUCE  ELECTRICAL  SHEET  RESISTANCE  OF 
SPRAY  COATED  CADMIUM  STANNATE  FILMS 


• IMPROVE  BACKWALL  RESPONSE  OF  CdS  SOLAR  CELLS 


• INVESTIGATE  DEPOSITION  OF  CADMIUM  STANNATE 
ONTO  SILICON  WAFERS 
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N76  12506 

TERNARY  COMPOUND  THIN  FILM  SOLAR  CELLS 

L.  L.  Kazmerski 
University  of  Maine  at  Orono 


The  investigatir  ,t  a group  of  ternary  compound  semiconductor 
(I-IU^VI^)  thin  films  for  future  applications  in  photovoltaic  devices  is 
proposed.  The  consideration  of  these  materials  (CuInSe2«  CuInXe2  and 
especially  CuInS2)  for  long-range  device  development  is  emphasized.  The 
major  objectives  of  '.his  research  include:  (1)  The  identification  and  pro- 
duction of  device-quality  thin  films  of  CuInS2  on  suitable  substrates;  (2) 

The  demonstration  of  homojunctlon  viability  for  CuInS2  thin  film  solar  cells; 

(3)  The  growth  and  characterization  of  CuInSe2  and  CuInTe2  for  photovoltaic 
application;  and,  (4)  Possible  heterojunction  demonstration  (e.g.  p-type 
CuInSe2  / n-type  CdS  thin  film  solar  cell) . 

Much  of  the  activity  to  date  has  been  concerned  /1th  the  growth  and 
properties  of  CuInX2  films.  X-ray  (Figs.  4-9)  and  electron  diffraction 
analyses.  Hall  mobility  and  coefficient  (Figs.  10,  13),  resistivity  and 
carrier  concentration  variations  with  substrate  and  film  temperature  (Fig . 11) , 
as  well  as  grain  size  data  (Fig.  12)  have  been  determined.  Both  p-  and  n- 
type  films  of  CuInS2  nnd  CuInSe2  have  been  produced.  Single  and  double 
source  deposition  techniques  have  been  utilized . Some  data  have  been 
records i or  annealed  films,  (e.g.  CuInS2  in  H2S/Ar). 

The  physical  and  electrical  characterizations  of  these  films  are  to  continue. 
Photoconductivity  data  and  lifetime  measurements  are  scheduled.  A three- 
source  deposition  technique  is  being  developed.  Films  are  to  be  deposited 
onto  several  metal  substrates,  and  a thorough  investigation  of  contacts  to  the 
ternary  films  is  underway.  A tentative  schedule  (Fig.  15)  accompanies  this 
text. 
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The  key  results  to  date  include: 

(1)  The  deposition  of  CuInS2«  CulhSe^  ^nd  CulnTe^  films. 

(2)  i^oduction  of  n-  and  p-type  CuInS2  ^nd  CuInSe2  films  on  alumina 
substrates . 

(3)  Development  of  a double  source  deposition  technique  for  CuInS2  • 

(4)  Report  of  electrical  properties  of  CuInS2  films . 

(5)  Report  of  x-ray  and  electron  diffraction  studies  on  ternary  compound 
films . 
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nCURE  CAPTIONS 
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Fig.  3. 
Fig.  4. 
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Fig.  6. 
Fig.  7. 
Fig.  8. 
Fig.  9. 

Fig.  10. 


Fig.  U. 


Fig.  12. 
ng.  13. 


ng.  14. 
Fig.  15. 


Title  Page 

^jecUves 

Activity-To-  Date 

Chalcopyrlte  Structure 

Calculated  X-Ray  Patten:  CuIhS^ 

Calculated  X-Ray  Patt^:  CuInSe2 
Caloilated  X-Ray  Pattern:  CuInTe2 
Tabulated  X-Ray  Data:  CuInS2 

Comparison  of  Single  Phase  and  Multiple  Phase  Thin  Films  of 
CuInS2  (X-Ray  Dif&raction  Data) 

Mobility  Dependence  on  Inverse  Temperature . (a)  Single  Source 

Ntethod,  T . = 280 *C;  (b)  Single  Source  Method,  T . = 160 *C; 
sub  sub 

^c)  Single  Source  Method , = 400  *C . (d)  - (i)  Double  Source 

Method,  (d)  T . * 180  C,  T , . = 92*C;  (e)  T . = 220  C, 

sub  sulphur  sub 

T , . = 92*C;  (f)  T . = 320  C,  T , . = 92 *C;  (g)  T = 400  C, 

sulphur  sub  sulphur  sub 

T - . = 92*C;  (h)  T . = 400  C.  T , . = 102 *C;  tt)  T . = 400  C. 

sulphur  sub  sulphur  sub 


= 108 


Film  Thicknesses  are  0 . S|i ; Substrates  are  Alumina . 


sulphur 

Resistivity  and  Carrier  Concentration  Dependence  (xi  Inverse  Temperature 

Curves  (d‘)  and  (d")  Correspond  to  Curve  (d)  on  Fig.  10.  (T^  . = 180  C). 

Sub 

Curves  (g‘)  and  (g“)  Correspond  tc  Curve  (g)  on  Fig.  10.  C). 

Grain  Size  Dependence  on  Substrate  Temperature  for  Various  Substrate 
Nbterials . 

Hall  Coefficient  as  a Function  of  Substrate  Temperature  for  Two 

Source  Method,  (a)  88 ‘C:  (b)  Ippip^p,  = 92’C: 

(c)  T ,.  =102C. 

sulphur 


Summary  of  Film  Properties . 
Planned  Activity . 


680 


TITLE  PAGE 


(a)  TERNARY  COMPOUND  THIN  FILM  SOLAR  CEUS 

(b)  Univ^sity  of  Maine  at  Orono 

(c)  September  1,  197S  - August  31,  1976  Orequested) 

(d)  $34,929.  Requested) 

(e)  Lawrence  L.  Kazmerskl 
Associate  Professar 

Department  of  Electrical  Engineering 


Fig.  1. 
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OBIECTIVES 

1 . The  Id^tification  and  Production  of  Device  - Quality  Thin 
Films  of  CuInS^  • 

2 . Demonstration  of  Homojunction  Viability  for  CuInS.  Thin 
Film  Solar  Cells . 

3 . Growth  and  Investigation  of  Other  CuInX2  Mates'ials . 

4.  Possible  Het^roJ unction  Demonstration. 

Fig.  2. 
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ACTIVIIY-TO-DATE 


1.  CuInS^ 

(a)  Development  of  Single  and  Double  Source  Deposition  Techniques. 
X~ray  and  Electron  Diffraction  Studies . 

(c)  Initial  Electrical  Characterization  of  Films  04r  d#  n) . 

(d)  Production  of  n and  p-type  Films . 

(e)  Recrystallization. 

2.  CulnSe^.  CulnTe^ 

(a)  Film  Deposition  crystallization. 

(b)  Electrical  Chare  .tion . 

(c)  X-ray,  Electron  Cuiii  ction  Analyses. 


Fig.  3. 
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x-ray  Diffraction  Data  (Calculated  and  Experimental  Values) 
For  CuInS.  Powders  and  Thin  Films . 

(Cu  Ka  and  Cr  Ka  Radiation) 
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ttble  1.  Comparlscn  of  properties  of  the  deposited  CuInS^  thin  films  on  this  study  with  Single  Crystal  Values. 
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ABSTRACT 


Objective:  Photogalvanic  Cell  With  5%  Efficiency 


Past  Activity: 

An  examination  of  the  kinetic  and  photochemical  processes  in 
the  iron/thionine  systan  coiq>led  with  optimization  of  cell  performance 
has  led  to  a 600  fold  iiqprovaiient  in  efficiency.  At  the  same  time, 
progress  made  in  cell  design  points  the  way  to  potential  inexpensive 
systons. 


Current  Effort/Future  Plans: 

The  «B|diasis  in  the  program  will  now  be  shifted  to  studying 
variations  in  solvent,  dye  and  redox  couple  to  improve  cell  absorbence, 
spectrum  matching  and  voltage  necessary  to  a further  major  improvoment 
in  efficiency. 


OBJECTIVE 


• FIVE  PERCENT  EFFICIENCY 

• STORAGE  (?) 


PLANNED  ACTIVITY 


• DIFFUSION  LENGTH 

MULTIPLE  LAYER 
SOLVENT  DYE 

• SPECTRUM  MATCHING 

MULTIPLE  LAYER 

• STABILITY 
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sracvcED  cetu 


S N 0 2 


ANODES 


il-ELEMENT  STACK  CELL 


DEVICE  PARAMETERS 


VOLTAGE  EFFICIEMCT 

lOZ 

CURRENT  EFFICIENCY 

lOOZ 

SDNLIQIT  EFFICIENCY 

SINGLE  LAYER 

0.03Z 

QUADRUPLE  LAYER 

0.06Z 

PROGRAM  START 

O.OOOlZ 

700  • 


FUTURE  PLANS 


• DYES 

• SOLVENT 

• ELECTRODE 

• REDOX  COUPLES 


RENEWAL  REQUEST 


GRANT  PERIOD  JULY  24,  1975  - JULY  23,  1976 

COST  $181,642 
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The  goal  of  this  work  is  the  evaluetion  of  the  feasibility  and  practicality  of 
a solar  cell  consisting  of  a semiconductor  surface  In  contact  with  an  electrolyte. 
Preliminary  experimental  and  theoretical  work,  as  well  as  a literature  search.  Indi- 
cates the  system  merits  further  study. 

Specific  semiconductor  electrodes  and  promising  electrolytes  have  been  Identified 
for  further  study.  The  systems  will  first  be  evaluated  for  efficient  energy  conver- 
sion at  typical  solar  photon  Irradlances.  They  will  then  be  evaluated  for  stability, 
and  finally,  for  economical  and  practical  solar  cell  construction. 

In  Fig.  1 we  show  the  basic  components  and  processes  for  photovoltaic  energy 
conversion  at  the  surface  of  an  n-type  semiconductor  in  contact  with  an  electrolyte 
which  Is  oxidizing  to  conduction  band  electrons.  To  date,  we  have  studied  character- 
istics of  single  crystal  CdS,  GaAs,  CdSe,  CdTe  and  thin  film  CdS  In  contact  with 
aqueous  and  methanol  based  electrolytes.  We  ‘’ave  measured  open  circuit  voltages 
from  Mott-Schottky  plots  and  open  circuit  photovoltage.  We  have  measured  short 
circuit  current  and  quantum  efficiency  as  a function  of  X at  low  photon  Irradlances 
and  as  a function  of  photon  irradiance  up  to  20  mW/cra^.  Electrode  corrosion  as  a 
l^nctlon  of  current  and  electrolyte  composition  has  been  studied  by  drift  of  Vqc 
and  Isc  with  time,  by  microscopic  examination  of  electrode  surfaces  and  by  electro- 
chemical analysis  of  electrode  decomposition  products. 

The  quantum  efficiency  for  short  circuit  photo  current  of  a CdS  crystal  and  a 
20  pm  film  Is  shown  in  Fig.  2 while  the  electrical  and  photovoltaic  properties  are 
sho«vn  In  Fig.  3.  The  highest  photon  irradlances  we  have  used  to  date  were  with  the 
GaAs  cell  shown  in  Fig.  4.  Significantly  higher  conversion  efficiencies  were  ob- 
tained with  a different  electrolyte  and  at  low  photon  Irradlances  on  GaAs  as  shown 
in  Fig.  5.  From  an  analysis  of  the  short  circuit  current  spectral  response  shown 
In  Fig.  6,  It  appears  that  a significant  diffusion  contribution  to  IsC  occurs  as 
well  as  the  drift  component  due  to  photoneneratic.i  of  carriers  In  the  space  charge 
region. 

As  shown  In  Fig.  1,  charge  may  be  transferred  from  the  semiconductor  surface 
to  the  electrolytic  solution  in  contact  with  this  surface  either  by  simple  electron 
transfer  or  by  deposition  on  or  dissolution  from  the  semiconductor  of  Ionic  species. 
The  latter  modes  are  basically  undesirable  because  they  Inevitably  result  In  changes 
In  the  ccmiposltlon  and/or  dimensions  of  the  electrode.  For  example,  in  cadmium 
sulfide  In  contact  with  aqueous  solutions,  charge  appears  to  be  transferred  In  part 
by  deposition  of  molecular  sulfur  and  concomitant  dissolution  of  cadmium  Ion 

2h'*’  + CdS  Cd2+  + Ssolld  (1) 

In  methanol  solvent,  on  the  other  hand,  electrolysis  of  the  solvent  apparently  ac- 
counts for  a substantial  fraction  of  the  current  observed. 

As  a first  step  In  solving  the  problems  of  electrode  dissolution,  we  are  de- 
veloping analytical  methods  suitable  for  detecting  dissolution  of  CdS,  CdSe,  CdTe, 
and  GaAs.  To  do  this,  it  is  only  necessary  to  analyze  for  the  level  of  Cd2+  or 
6a3+  In  the  photovoltaic  cell  solution.  Anodic  stripping  analysis  is  Ideally 
suited  for  determination  of  these  two  metals,  and  apparatus  suitable  for  this 
determination  is  readily  available  to  us.  The  steps  In  this  procedure  are  shown 
In  Fig.  7.  Analysis  of  1 x 10"°,  (0.1  ppm)  Cd2+  is  routine  by  this  technique 
with  a precision  of  5T.  A typical  replicate  analysis  is  shown  in  Fig.  8. 

Suppression  of  photo-initiated  dissolution  of  the  semiconductor  electrode  will 
be  attempted.  Addition  of  various  redox  couples  capable  of  donating  <;1ectrons  to 
holes  at  the  semiconductor  surface  will  be  investigated 
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R ♦ h*  ^ 0 (2) 

When  this  reaction  Is  more  rapid  titan  reaction  (1)  above,  electron  transfer  will 
suppress  anodic  dissolution.  This  Is  apparently  the  case  when  the  electron  donor 
is  methanol.  However,  the  oxidation  of  methanol  to  formaldahyde  Is  Irreversible 
and  causes  destruction  of  tiie  solvoit.  We  are  seeking  couples  R/0  which  are 
reversible  and  may  be  reduced  at  the  counter  electrode,  making  the  solvent* 
electrolyte  system  simply  an  Ionic  conductor  with  no  permanent  change  occuring 
with  time. 

An  attempt  to  demonstrate  comparable  photovoltaic  energy  conversion  effi* 
clency  In  polycrystal line  thin  film  devices  will  be  made.  A system  for  vacuum 
evaporation  of  CdS  and  other  II-VI  compounds  has  been  set  up. 

we  will  obtain  a quantitative  measure  of  tiie  electrode  dissolution  problem 
for  CdS.  Ion  concentratloi.  In  the  cell  electrolyte  will  be  measured  as  a 
function  of  "exposure",  i.e.,  short  circuit  current  multiplied  by  time  of  current 
flow  during  Illumination  at  constant  Intensity.  The  quantity  of  interest  Is  In 
the  number  of  Cd'*’2  Ions  going  Into  solution  for  each  charge  transfer  event  across 
the  semiconductor-electrolyte  Interface. 

To  date,  CdS  and  GaAs  have  been  studied  since  they  were  available.  Samples 
of  CdTe  and  CdSe  have  been  obtained  which  will  be  evaluated  for  efficient  photo- 
voltaic energy  conversion. 

It  appears  that  a Becquerel  effect  solar  cell  Is  capable  of  conversion  ef- 
ficiencies of  technological  s*' /^Iflcance.  Our  measured  external  conversion 
efficiency  of  30%  was  for  low  Intensity,  almost  monochromatic  radiation,  and 
so  Is  not  directly  comparable  to  cotnnerclal  state-of *the-art  solar  cells. 

However,  these  are  preliminary  experiments  with  the  simplest  electrolytes  on 
a nonoptimum  semiconductor.  Use  of  a semiconductor  such  as  CdTe  would  optimize 
the  device  spectral  response  to  the  solar  source  and  comparable  efficiencies 
would  then  be  highly  significant.  GaAs,  which  Is  also  well  matched  to  the  solar 
spectrum,  gave  a 20%  conversion  efficiency  for  monochromatic  excitation. 
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Processes  In  etectrolyte-sesitconductor  photovoltaic  cell. 


Short  Circuit  Current  Coliection  Efficiency 


E 

o 


*o 

•mm 

H- 


o 

Q. 

w 

O 

M 

JQ 

< 


X(nm) 


Two 


POTENTIAL  (V) 


(b)  Current  - voltage  characteristics  under  400  nm  excitation 
Electrical  and  ohotovoltaic  characteristics  of  CdS  - O.IM  CH3COOH  cell 
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Cu/rent  Density  ( mA/cm^ ) 
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(b)  Current  - voltage  characteristic  under  740  nm  excitation 
Electrical  and  photovoltaic  characteristics  of  GaAs  0.1M  HCl  cell 
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QUANTUM  EFFICIENCY 


10 


Experimental  points  are  shown,  along'with  theoretical  curves  for 
« 

Ep  ■ 2um  with  and  without  current  doubling. 
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This  experimental  program  is  formulated  to  obtain  an 
understanding  of  the  principles  governing  the  photovoltaic  effect 
in  organic  materials  on  the  molecular  level , and  to  apply  these 
principles  to  the  design  and  fabrication  of  laboratory  devices 
having  a photovoltaic  organic  polymer  film  as  their  key  element. 


The  initial  part  of  the  program  seeks  to  understand  the 
mechanism  of  charge  generation  and  separation  in  extremely  thin 
(^50&)  synthetic  organic  films,  in  which  one  side  of  the  film  is 
a light  sensitive  electron  donor  (or  acceptor)  and  the  other  is  an 
electron  acceptor  (or  donor) . The  approach  may  be  thought  of  as 
a way  to  study  the  photovoltaic  effect  of  a single  organic  junction. 

By  adapting  techniques  of  surface  chemistry,  it  has  been  possible  to 
fom  such  potential  photovoltaic  junctions.  Further,  the  use  of 
this  methodology  provides  the  capcibility  to  vary  both  the  composition 
of  the  junction  (donor,  acceptor,  donor-acceptor  distance,  orientation, 
concentration)  and  its  environment  (aqueous  redox  electrodes,  metal 
electrodes,  semiconducting  electrodes  and  bulk  organic  electrodes). 

It  is  expected  that  the  ability  to  control  these  many  experimental 
variables  will  allow  a more  detailed  description  of  photovoltaic 
efficiency  in  terms  of  light  absorption,  charge  generation,  charge 
separation  and  charge  collection  than  heretofore. 


Progress  to  date  has  been  in  three  areas:  (1)  materials 

synthesis,  (2)  apparatus  development,  and  (3)  ultra- thin  film 
fabrication.  An  initial  materials  synthesis  has  provided  a variety 
of  surface  active  dyes,  primary  electron  acceptors  and  polymers 
needed  as  prerequisites  to  film  f extrication.  Apparatus  development 
includes  the  design  and  construction  of  devices  used:  (1)  to 

^.haracterize  the  surface  properties  of  materials  at  the  air-water 
interface,  (2)  to  fabricate  the  asymmetric  ultra-thin  films,  (3)  to 
observe  the  optical  absorption  and  fluorescence  spectra  of  the  films, 
and  (4)  to  measure  the  electrical  properties  of  the  films.  Both 
symmetrical  and  asymmetrical  ultra-thin  films  of  the  synthesized 
materials  have  been  foinned  and  supported  on  glass  slides  for 
optical  study. 


The  current  effort  is  directed  at  achieving  reproducible 
formation  of  a free-standing  asymmetric  film  separating  two  aqueous 
redox  electrodes. 
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For  the  first  six  months  of  the  grant  award,  the  main 
objective  will  be  a demonstration  of  the  photovoltaic  effect  in  an 
asymmetric  membrane  formed  using  the  surface  ch^nistry  methodology 
developed  in  this  program. 


Contributing  Personnel:  Dr.  G.  L.  Gaines,  Jr. 

Dr«  S.  J.  V2^.enty 
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OVERALL  OBJECTIVES  OF  PROJECT 


• EXPERIMENTAL  DETEmiNATION  OF  THE  MAJOR  FACTORS 
GOVERNING  THE  PHOTOVOLTAIC  EFFECT  IN  ORGANIC 
MATERIALS  OH  THE  MOLECUUR  LEVEL 


• THE  DESIGN  AND  SYNTHESIS  OF  A NEW  CLASS  OF 

ORGANIC  PHOTOVOLTAIC  POLYMERS  AND  THEIR  FABRICATION 
INTO  LARGE  AREA  SOLAR  CELLS 
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PHOTOVOLTAIC  EFFICIENa  IN  ORGANIC  HATERIALS 


LIGHT  , CHARGE  , CHARGE  , CHARGE 
EFF  d ABSORPTION  GENERATION  HOGILITY  COLLECTION 
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"Classical"  Approach 


SINGlf  ORGANIC  JUNaiON  EFFICIENa  CONSIDERATIONS 


DYE 

DYE 

D— 

Q 

DYE 

Q 

DYE  + w -1^  dye* 


.DYE*  + Q 


DYE^'  + Q 


Kj  . Kq 


DYE  + hv' 


1 I 

LIGHT  FLUX  ^®DYE*,Q 

TUNNELING  EFFICIENCY 

Kj  ol  EXP  [D  X (V-E)^2] 

COMPETING  PROCESSES 


OR  A 


.tECCMB I NATION 


ELECTRODE  - ELECTROLYTE  - MEMBRANE  - ELECTROLYTE  - ELECTRODE 


ENERGY  LEVELS  OF  CELL  COMPONENTS  WHEN  ILLUMINATED 


PROGRESS  TO  BATE 


• MATERIALS  SYNTHESIS 

• APPARATUS  DEVELOPMENT 

• ULTRATHIN  FILM  FABRICATION 
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MATERIAL  SYNTHESIS 

ULTRA-THIN  FILM  FABRICATION  REQUIRES  SURFACE 
■ ACTIVE  MATERIALS 

« DYES 

THIAZINE.  AZINE,  ACRIDINE 

• PRIMARY  ELECTRON  ACCEPTORS 

QUINONE.  VI0L06EN 

• SURFACE  ACTIVE  POLYMERS 
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INSOLUBLE  MONOLAYERS  AT  AIR-H2O  BOUNDARIES 


HYDROPHOBIC 
HYDROCARBON  CHAIN 


SURFACE  ACTIVE  DYES 


— HYDROPHILIC  CHROMOPHORE 


mNOLAYER  TP1U6HS 


ASYMMETRIC  FILM  FABRICATION  ON  SOLID  SUPPORTS 
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500  600  700  800 

WAVELENGTH,  ntn 
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ASYMMETRIC  lEMBRAME  FORMATION 
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BRlCAllOfi  APPARAU 


SUMMARY  OF  KEY  RESULTS 

1)  APPARATUS  DEVELOPMENT  - COMPLETED 

ABSORPTION/FLUORESCENCE  SPECTROMETER 
LANGMUIR  FILM  BALANCES  AND  MONOLAYER  TROUGHS 
ASYMiCTRlC  FILM  TROUGH 
VOLTAGE  AND  CURRENT  CUMPING  CIRCUITRY 

2)  INITIAL  MATERIALS  SYNTHESIS  - COMPLETED 

SURFACE  ACTIVE  DYES,  Q AMD  POLYMERS 

3)  SUPPORTED  ASYMMETRIC  FILMS 

SPECTROSCOPIC  STUDIES 
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MAJOR  PROBLEMS 


FABRICATION  OF  FREE-STANDING  ASYMMETRIC  ULTRA- 
THIN  MEMBRANES  INTO  COMPOSITE  FILMS  OF 
ADEQUATE  MECHANICAL  STRENGTH 


NEED  TO  DISCOVER  EFFICIENT  ELECTRON  TRANSFER 
REACTIONS  TO  UTILIZE  ALL  THE  POTENTIAL  ENERGY 
PRODUCED  IN  THE  ILLUMINATED  FILMS 


PLANNED  ACTIVITY  FOR  NEXT  6 MONTHS 


DEMONSTRATION  OF  THE  PHOTOVOLTAIC  EFFECT  IN  AN 
■ASYMMETRIC  MEMBRANE 

• MEMBRANE  FABRICATION 

• PROOF  OF  MEMBRANE  STRUaURE 

• CHOICE  D AND  A 

• WAVELENGTH  DEPENDENCE  OF  OPEN  CIRCUIT  EMF 

• OPEN  CIRCUIT  EMF  AND  DYE  FLUORESCENCE  INTENSITY 
AS  A FUNCTION  OF  DYE,  Q,  A,  D CONCENTRATION  AND 
pH 

• OPEN  CIRCUIT  E.MF  AS  A FUNCTION  OF  LIGHT  INTENSITY 

• I-V  CHARACTERISTICS 


NASA  - JPl  - ComI  lA.Col'l 
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